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Foreword 


A conl'erence  on  Soil  Trafficabill ty  Prediction  was  held  at  the 
U.  S.  Anny  Engineer  V.'aterways  Experiinpnt  Station  on  29-30  November  1966. 

The  conference  and  presentations  were  prepared  tinder  the  general  supervi- 
sion of  Mr.  Vh  G.  Shockley,  Chief  of  the  Mobility  and  Environmental  Divi- 
sion; I'ir.  S.  J.  Knight,  Assistant  Chief,  Moliility  and  Environmental  Divi- 
sion; Mr.  W.  E.  Grabau,  Chief,  Terrain  Analysis  Branch;  and  Mr.  M.  P.  Meyer, 
Chief,  Classification  and  Prediction  Section.  The  technical  papers  (in- 
cluded in  this  volume  as  Appendixe.s  A-H)  were  prepared  by  the  following 
personnel  of  the  division;  Messrs.  C.  A.  Carlson,  A.  R.  McDaniel, 

J.  G.  Collins,  H.  D.  Molthan,  M.  P.  Meyer,  and  Miss  Margaret  H,  Smith. 

Colonel  John  R.  Oswalt,  Jr.  , CE,  was  Director  of  the  Waterways 
Experiment  Station.  Mr.  J.  B.  Tiffsiny  was  Technical  Director. 
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REPORT  OF  COra’ERENCE  ON  SOIL  TRAFFECABILITY  ffiEDICTION 


U.  S.  Arny  Ensinocr  V/aterways  Ebcporiment  Station 
29“ 30  November  1966 


Backf;round 


1.  A conference  on  soil  trafficability  prediction  vra.s  held  at  the 
U.  S,  Army  Engineer  Iv'ater'ways  Experiment  Station  (Vv'ES)  on  29-30  November 
i960  to  review  the  progress  of  studies  related  to  soil  trafficability  pre- 
diction conducted  since  the  last  consultants'  meeting  in  1958  and  to  afford 
the  consultants  an  opportunity  to  comrr.ent  on  problem  areas  and  make 
recommendations  for  future  research. 

2.  This  paper  suminarizos  the  conference.  Included  herein  are  (a) 
resumes  of  the  presentations  and  succeeding  discussions  (complete  texts 
of  the  technical  papers  are  included  as  appendixes  to  this  miscellaneous 
paper);  (b)  exhibit  1,  the  conference  agenda;  (c)  exhibit  2,  the  list  of 
attendees;  (d)  exhibit  3>  proposed  futm’e  plans;  and  (e)  exhibit  U,  the 
report  prepared  by  the  Board  of  Consultants. 

3.  Colonel  John  R.  Oswalt,  Jr,,  Director,  WES,  opened  the  meeting 
with  a welcoming  statement  to  the  consxxltants  and  visitors,  Mr,  W.  G, 
Shockley,  Chief  of  the  Mobility  and  Environmental  Division,  WES,  and 
chairman  of  the  conference,  outlined  the  procedures  and  agenda  which  were 
to  be  follov/ed.  He  charged  the  consultants  vdth  the  responsibility  of 
compiling  recommendations  for  presentation  during  the  final  session  of  the 
conference  on  the  morning  of  the  second  day,  pointing  out  that  presenta- 
tions and  discussions  of  papers  would  require  the  entire  first  day. 

4.  Mr.  3.  J.  Knight,  Assistant  Chief  of  the  Mobility  and  Environ- 
mental Division,  reviewed  the  division's  research  programs.  Ho  noted 
that  all  programs  are  under  the  cognizance  of  the  U.  S.  Army  Materiel 
Command  (AMC).  These  include  throe  continuing  programs  funded  by  AMC  and 
four  short-term  programs  funded  by  other  agencies.  A movie  was  presented 
which  described  the  principal  earth  science  research  conducted  by  the  VJES 
for  AMC.  At  the  invitation  of  Mr.  Shockley,  Mr,  P.  F.  Carlton,  AMC, 
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commented  on  the  role  of  Aniiy  research  and  the  need  for  results  v/hich  can 
be  of  practical  use  to  the  Army. 

5,  Mr.  R.  F.  Jackson  of  the  Office,  Chief  of  Engineers,  and  pre- 
viously vd.th  AJ'IC,  presented  the  latest  approach  formulated  by  tlie  AliC 
Earth  Science  Study  Group  for  conducting  Army  research  and  development 
work  in  the  earth  science  field.  The  approacli  requires  a moans  for  deal- 
ing vdth  a problem  under  specific  battlefield  conditions  or  situations 

and  a system  for  describing  battlefield  conditions  in  a manner  which  brings 
reality  into  the  devei.opment  process.  Progrrjns  following  this  approacli  are 
characterized  by  environmental  factors  and  materiel  items  that  arc  quan- 
titatively defined  and  by  analytical  or  mathematical  models  that  relate 
the  environment  to  its  effect  on  materiel.  The  program  also  must  be  based 
on  a functional  classification  of  Army  activities  and  must  be  adequately 
supported  by  basic  research.  He  presented  the  functional  outline  of  such 
a program,  termed  the  Battlefield  Environment  Research  Program,  and  means 
for  its  implementation. 

6.  Mr.  M.  P.  Meyer  presented  a general  review  of  the  WES  traffic- 
ability  studies.  He  discussed  the  general  scope  and  accomplishments  of 
three  study  phases,  i.e,,  contact  (field  measurement  by  mechanical  means), 
noncontact  (remote  measurement  by  electromagnetic  wave  sensing  devices), 
and  indirect  (estimation  based  on  information  obtained  from  various  data 
sources).  He  discussed  in  detail  three  different  approaches  for  estimating 
trafficability  by  indirect  means,  i.e.,  by  airphoto  interpretation,  by  a 
trafficability  classification  system,  and  by  prediction  of  the  change  in 
trafficability  with  time  using  soil  and  weather  information.  He  traced 
the  progression  of  trafficability  studies  from  their  inception  in  19^5 

to  the  present. 


Soil  Moistxure  Prediction 


"Methods  of  Soil  Moisture 
Prediction  for  Trafficability  Pur- 
poses”  by  C.  A.  Carlson  (Appendix  A) 

7,  The  soil  moisture  prediction  method  was  derived  to  predict,  on  a 


2 


daily  basis  throughout  a year,  the  net  moisture  contents  of  the  0-  to 
6-in.  and  6-  to  l?-in.  soil  layers.  The  method  was  developed  empirically 
fi’om  daily  field  measurements  of  soil  moisture  content  and  rainfall.  For 
each  test  site,  prediction  relations  were  determined  for  accretion,  deple- 
tion, and  auxiliary  values.  Predicting  was  accomplished  by  a simple  book- 
keeping procediu’c  of  adding  or  subtracting  water  by  amovuits  determined 
from  the  prediction  relations.  For  some  sites  tlic  prediction  was  modified 
to  accoimt  for  influences  such  as  persisting  water  tables  or  stovins  less 
than  minimum.  Predictions  made  during  the  year  of  record  for  126  sites 
had  an  average  deviation  between  predicted  and  measured  moistui’e  contents 
of  +1.5  percent  by  weight. 

8.  Eacli  set  of  relations  was  applicable  only  to  the  specific  site 
used  for  the  derivation.  To  extend  the  application  to  areas  without  de- 
tailed records,  a set  of  average  relations  was  derived  from  data  collected 
in  the  United  States  throi:igh  195^.  The  average  deviation  for  2U  sites 
used  in  deriving  the  average  relations  v'as  +3  percent  moisture  content. 

In  a test  on  601  sites  with  rainfall  gages  located  from  1 to  5 miles  from 

the  sites,  the  average  deviation  was  +U  percent  moisture  content.  Largo 

deviations  for  soils  with  high  organic  or  high  clay  contents  and  soils 

influenced  by  water  tables  indicated  a need  for  improving  the  average 

relations  for  these  soils.  Results  of  a study  in  Puerto  Rico  in  1956 

confirmed  this  need.  Efforts  to  improve  the  relations  (using  United  States 

data  collected  in  1958)  were  not  fruitful.  The  average  relations  were 

useful  in  some  U.  S.  Forest  Service  and  U,  S,  Naval  Radiological  Defense 

Laboratory  applications. 

"Effects  and  Deficiencies 
of  Factors  Used  in  WES  Soil 
Moisture  Prediction  System" 
by  A.  R,  McDaniel  (Appendix  B) 

9.  The  factors  used  in  the  soil  moisture  prediction  system  were 
examined  to  determine  the  effect  of  each  on  prediction  accuracy  and  to 
reveal  deficiencies  of  the  system  which  might  be  corrected.  Errors  re- 
sulting from  vise  of  an  incorrect  initial  moisture  content  decrease  with 
the  passage  of  time  and  generally  with  the  occurrence  of  rainfall,  vintil 
the  error  no  longer  exists.  An  error  in  field  maximum  and  minimum  moisture 
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contents  leads  to  a continuous  error  in  predicted  moisture  content;  im- 
provements arc  needed  in  the  equations  for  cstiisating  tlaese  values.  Fre- 
quent storms  near  an  estimated  minimum  size  and  errors  in  estimating  rain- 
fall amounts  generally  introduce  errors  in  prediction.  The  use  of  linear 
and  separate  accretion  relations  for  rainfall  and  available  storage  v.-as 
questioned;  an  exponential  relation  that  includes  both  rainfall  and  avail- 
able storage  was  zxxQgcstcd  as  a substitute.  A means  for  accurately 
estimating  transition  dates  is  needed  to  eliminate  errors  in  predicted 
depletions.  It  was  suggested  that  additional  factors  bo  used  in  the 
estimation  of  depletion  rates  and  that  an  exponential  expression  of  moistm'o 
loss  with  time  be  adopted  for  use,  Otlier  moans  of  improving  the  accuracy 
of  prediction  include  the  consideration  of  sucli  factors  as  surface  air 
flow  and  heat  flux,  time  periods  shorter  tlian  daily,  and  an  increase  in 
measurement  accuracy.  It  was  noted,  however,  that  improvement  in  ac- 
curacy may  be  limited  because  of  the  inlieront  natTiral  variation  of  the 
soil.  Because  of  the  deficiencies  of  the  factors  in  the  present  scheme, 
it  was  siiggested  that  a new  soil  moistiu'c  prediction  system  be  developed 
employing  new  data-collection  techniques. 

Discussion 

10,  Dr,  W.  A.  Heiney  asked  if  predictions  had  been  correlated  with 
rainfall  distribution  within  geographical  regions  of  the  United  States, 

He  stated  that  in  some  areas  rainfall  can  vary  greatly  over  a short  dis- 
tance. Mr.  Carlson  replied  that  no  general  rainfall  distribution  studies 
had  been  made  by  the  WES,  but  that  the  variability  was  recognized.  He 
cited  the  Hawaiian  study  vdaich  showed  average  euanual  rainfalls  ranging 
from  10  to  200  in.  within  a few  miles  across  a mountain  pass,  and  the 
Mississippi  alluvial  soil  study  which  showed  that  the  accuracy  of  pre- 
diction based  on  records  from  site  rain  gages  was  practically  the  same  as 
that  based  on  records  from  surrounding  official  weather  stations  30  miles 
apart.  He  also  cited  the  Warren  County  variation  study  which  showed  rela- 
tively large  differences  in  average  soil  moisture  content  between  adjacent 
sampling  areas  despite  relatively  uniform  rainfall  over  the  testing  area. 

11.  In  response  to  questions  by  Dr.  Roney  emd  Dr.  D.  McClurkin 
regarding  the  size  of  the  area  of  concern  to  trafficability,  Mr,  Shockley 
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replied  that  the  area  would  depend  on  the  military  engagement;  it  can  be 
the  size  of  a mudhole,  or  an  area  of  many  square  miles, 

12.  Dr.  Raney  said  tliat  water  sources  other  than  rainfall  may 
influence  soil  moisture  conditions,  and  that  topography  needs  to  bo  con- 
sidered because  of  its  effect  on  the  surface  and  subsurface  flow  of  water, 
Mr.  W.  J,  Turnbull  said  that  the  number  of  possible  variables  influencing 
soil  moisture  is  so  great  that  consideration  of  all  nay  not  bo  justified. 
From  a practical  viewpoint  one  should  bo  satisfied  with  a certain  amount 
of  error;  however,  the  amovmt  that  can  be  tolcrrated  would  depend  upon  the 
size  of  the  area  for  which  the  prediction  is  being  made.  Dr.  Raney  asked 
how  much  error  can  be  tolerated,  and  Mr.  Knight  replied  that  in  some  soils 
a change  of  0.1  of  1 percent  moistm'e  content  can  change  a "go"  condition 
to  one  of  "no  go."  Mr.  A.  C,  Orvedal  concurred  with  Mr.  TurnbuL.l's  appeal 
for  a practical  approach  and  commented  that  it  was  remarkable  that  any 
prediction  method  had  boon  developed  in  view  of  the  problems  involved.  He 
said  the  main  interest  for  prediction  is  in  wet  soils,  and  that  the  effects 
of  minimum  storm  size  under  dry  conditions  are  of  little  concern, 

13,  Dr.  Raney  asked  if  the  thickness  of  the  w'etting  zone  above  the 
water  table  was  measured  and  considered  in  terms  of  its  effect  on  soil  mois- 
ture. Mr.  Carlson  answered  that  a water  table  is  usually  measured  to  a 
depth  of  U ft  nnd  moisture  content  to  a depth  of  12-  or  l8-in.  , and  that  the 
water  table  effect,  in  general,  is  believed  to  i e significant  only  when  the 
surface  of  a water  tabic  lies  within  2 ft  below  the  layer  in  question. 

Soil  Strength  Prediction 

"A  Tentative  Soil  Strength  Prediction 
System"  by  J.  G,  Collins  (Appendix  C) 

Ih.  This  paper  presented  relations  between  rating  cone  index  (RCl) 
and  soil  moisture  content  (MC),  and  between  MC  (at  a given  RCI  level)  and 
other  pertinent  soil  and  site  factors.  Data  from  the  6-  to  12-in.  soil 
layer  from  38  sites  were  used  in  the  analysis.  Results  confirmed  that  RCI 
decreases  with  increases  in  MC.  Two  RCI-MC  equation  constants,  i.e.  MC  at 
ICO  RCI  and  MC  at  200  RCI,  were  coit^mted.  Three  ways  of  relating  these 
equation  constants  to  soil  and  site  differences  were  e^^lored;  (a)  by 
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ooil  classes  of  the  Unified  Soil  Classification  Cystem  (USCC)  and  Llie 
U.  S,  Department  of  Agricultiu'e  (U3DA)  textural  classification  system, 

(b)  by  individual  soil  and  site  factoi-s,  and  (c)  by  multiple  soil  and  site 
factors.  Results  Indicated  that  RCI  at  a given  MC  increases  and  that 
RGI-MC  slopes  become  flatter  with  increase  in  plasticity  or  decrease  in 
grain  size  of  tlie  soil.  M;iltiple  factor  relations  were  used  to  predict 
RCI;  the  average  prediction  accuracy  was  +30  RCI  imits.  Tlic  study  indi- 
cates that  RCI  is  sensitive  to  very  small  clianges  in  soil  properties. 
Discussion 

15.  Dr.  McClurkin  questioned  the  use  of  nonqvantitative  indexes 
in  the  factor  analyses.  Mr,  Chockley  explained  that  plasticity  index  is 
calculated  from  plasticity  limits  mcasirred  qiianti  satively  in  terms  of  per- 
cent moisture  content.  Mr.  Carlson  explained  that  wetness  index  is  based 
on  depth  of  wetting  and  depth  to  a vmter  table,  and  that  the  category 
numbers  arc  assigned  considering  tlic  depths. 

16.  Mi’.  J.  P.  Sale  discussed  the  desii-abiiity  of  cc.vbining  thf  soil 
moisture  ajid  coil  strength  prediction  systems,  field  testing  tlic  cci:;bined 
system,  arid  if  acceptable,  putting  it  in  a probabilistic  form  tliat  v.cuid  be 
useltil  to  the  Anr.y.  Mr.  Shockley  replied  that  this  suggestion  v.’as  in  ohe 
plans  for  the  future  and  it  would  be  discussed  later  in  the  day. 

17.  M.  R.  A.  Listen  questioned  the  use  of  linear  relatioi.s  based 
on  logaritly.'iic  values  to  estimate  aritlm.ctic  quantities  because  error  is 
introduced.  Dr.  H.  J.  liikodem  said  that  the  prccedure  docs  not  resulu  in 
an  exact  expression  but  that  it  is  generally  acceptable. 

18.  Dr.  Uikodem  suggested  tha'u  m.oisture  be  r;easui’ed  in  1-in.  layers 
and  that  a diffusion  equation  be  used  for  iiitegrating  tlie  sevci’al  layers. 

Ml'.  McDaniel  stated  that  l.is  sy'stem  for  predicting  soil  moisture,  to  be  dis- 
cussed later  in  the  day,  permitted  prediction  for  a layer  of  any  tliickness. 

Factors  Influencing  Soil  Moisture  and  ooil  Strength 

"influence  of  V.'ater  Tables  on 
Soil  Moisture  and  Soil  Strength" 
by  J.  G.  Collins  (Appendix  p) 

19.  This  paper  presented  some  of  the  findings  of  tlu'ec  water  table 
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studies  made  in  Mississippi-Alabama,  Arkansas,  and  Oregon.  Tlie  data  indi- 
cate differences  in  the  moisture  regimes  of  the  6-  to  12-in.  soil  layer  be- 
tv/een  high  and  low  water  table  sites.  In  general,  field  maximum  soil  mois- 
ture contents  were  higher  at  high  water  table  sites,  and  longer  periods  of 
time  were  required  for  the  moistvire  to  deplete  from  field  maximum  to  a 
level  common  to  both  types  of  sites.  Data  from  many  sites  indicate  that 
the  rating  cone  index  decreases  with  a rise  in  water  table;  after  the  soil 

has  reached  the  field  maximum  moistm'e  content,  the  rating  cone  index 

«• 

remains  reiatively  constant  with  a further  rise  in  the  water  table.  An 
inception  date,  accretion-rainfall  relation,  and  recession  rate  can  be  used 
to  characterize  a water  table.  The  data  indicate  that  the  time  of  water 
table  inception  is  related  to  cumulative  rainfall,  local  topograpliy  of  the 
area,  and  stratification  of  the  soil;  the  accretion-rainfall  relation  is 
related  to  soil  pore- size  distribution;  and  the  recession  is  related  to 
soil  permeability,  local  topography  of  the  area,  soil  pore-size  distribu- 
tion, and  rate  of  evapotranspiration. 

"Influence  of  Soil  Variability  on 
Soil  Moistiu'e  and  Soil  Strength  Pre- 
dictions"  by  H.  D.  Molthan  (Appendix  E) 

20.  Four  studies  of  soil  variability  were  reviewed  and  pertinent 

data  from  each  were  presented.  Tlie  significarce  of  these  data  as  they 
relate  to  coil  moisture  and  soil  strength  predictions  was  discussed,  and 
the  num.ber  of  sairplcs  necessary  for  a statistically  significant  estimate 
of  the  various  soil  properties  pertinent  to  trafficability  v as  calculated. 
Thr'  variability  opresced  in  the  data  v/ar.  fo\md  to  be  derived  from  two 
sovu’ccs:  (a)  point  to  point  horizontal  variation,  and  (b)  variation  due 

to  inclusion  of  anomalous  soil  areas.  The  soui’ce  of  variation  was  found 
to  affect  not  only  the  statistical  handling  of  the  d-’-'-a,  but  also  tiie 
usefulness  of  any  prediction  made  from  the  data.  A greater  knowledge 

of  the  sources  and  magnitudes  of  variations  within  the  soil  is  necessary 
before  satisfactory  predictions  of  soil  trafficability  can  be  made. 
Discussion 

21.  V/ith  reference  to  tlic  discucsion  on  water  tables  and  the  fitgurc 
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showing  water  table  recession  rates  in  Oregon,  Mr.  Orvedal  asked  whether 
the  Increase  in  recession  rate  at  lower  depths  was  due  to  seepage  or  river 
influence,  Mr.  Collins  said  that  in  this  instance  seepage  was  the  factor; 
however,  at  one  site  in  Arkansas  the  water  table  was  Influenced  by  a river 
1/2  mile  away. 

22.  Mr.  Orvedal  said  that  military  trafficability  problems  generally 
occur  in  soils  with  moisture  contents  greater  than  field  capacity  (or  O.06- 
atm  tension),  and  sxiggested  that  efforts  be  concentrated  in  studies  at  this 
moist'ure  condition.  Dr.  D.  R.  Freitag  stated  that  the  moisture  range 
should  not  be  limited  because  new  types  of  heavy  vehicles  have  higher  soil 
strength  requirements.  Mr.  Collins  said  the  moisture  limits  would  depend 
on  soil  type.  Mr.  Carlson  referred  to  certain  critically  soft  soils  in 
Thailand  having  no  water  table. 

23.  ^^r.  Ghockley  asked  if  soil  morpiiological  features,  agricultural 
practices,  or  natural  vegetation  covLLd  be  used  as  indicators  of  soil  wet- 
ness. Dr.  J.  C.  Ctoodlett  stated  that  canopy  height  does  not  follow  the 
ground  contour;  bottomland  trees  grow  taller  reflecting  a higher  moisture 
condition.  Ur  fovind  that  shapes  of  the  slope  show  a greater  relation  to 
coil  wetness  than  does  the  slope  itself.  M:-,  Carlson  said  that  results 

of  the  Warren  County  variation  study  indicated  the  need  for  considering 
the  influence  of  the  concavity  of  the  gx’ound  surface  on  its  moisture- 
strength  condition.  IIo  questioned  the  means  for  expressing  concavity 
without  using  an  index  system.  Dr,  Goodlett  said  radius  of  cvirvatirre  can 
be  used.  Dr.  Raney  suggested  using  airphotos  or  satellite  systems  to 
provide  Information  on  terrain  conditions. 

Comparison  of  Factors  for  Temperate  and  Tropical  Climates 

"Comparison  of  Goil  Moisture 
Prediction  Factors  for  Tem- 
perate and  Tropical  Climates" 
by  Miss  M.  H.  Gmith  (Appendix  F) 

2^1 . This  study  was  made  to  compare  the  coil  moisture  prediction 
factors  for  temperate  climates  (continental  United  Gtatec  and  Alaska)  and 
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tropical  climatcc  (Caribbean  area,  Hawaii,  and  Thailand).  The  information 
from  the  soils  studied  in  the  tropics  was  biased  in  that  the  cites  were 
selected  primarily  in  wet,  low-lying  areas.  The  results  of  the  study 
in  Thailand  differed  from  those  of  the  other  tropical  studies  with  respect 
to  prediction  factors;  Thailand,  therefore,  was  not  included  in  the 
statements  about  season  and  field  maximum  and  field  minimum  moisture 
contents. 

25.  Tlie  tropical  soils  studied  had  only  one  season  with  reference 
to  depiction  relations;  the  temperate  soils  had  more  than  one.  Tropical 
soils  had  higher  minimum  size  storms  them  those  of  temperate  soils.  The 
average  field  maximum  and  field  mlnimimn  moisture  contents  for  all  sites 
were  much  higher  for  tropical  soils  than  for  temperate  soils.  Average 
annual  rainfall  was  greater  in  tropical  areas  than  in  temperate  areas. 
Accretion  relations  for  soils  of  both  climates  were  similar,  although  the 
tropical  soils  had  slightly  higher  soil  moistiirc  accretions  for  the  same 
amount  of  rainfall.  The  depletion  relations  for  the  tropical  soils  varied 
greatly.  Predictions  of  soil  moisture  based  on  specific  relations  were 
adeqviatc  for  both  teiaperate  and  tropical  climates.  Tentative  average  pre- 
diction relations  derived  from  data  of  studies  in  temperate  areas  were  not 
applicable  to  soils  of  the  Caribbean  area  and  Hawaii;  the  prediction  re- 
lations w'cre  not  tested  for  soils  in  Thailand. 

Discussion 

26.  Dr.  Raney  commented  that  the  prediction  method  was  not  correct 
because  predictions  co\ild  not  be  made  with  equal  accuracy  for  soils  in 
temperate  and  tropical  climates.  He  suggested  that  a method  based  on 
energy  balance  would  be  umiversally  applicable.  Mr.  Orvedal  replied  that 
the  disx>arlty  in  predictions  between  temi>erate  and  tropical  soils  may  have 
been  due  to  the  fact  that  testing  in  the  tropics  was  biased  toward  wet 
soil  conditions.  lie  concluded  that  if  tests  had  been  conducted  on  coils 
of  all  regions  of  the  tropics,  including  deserts  as  v;ell  as  wet  regions, 
the  results  would  have  been  different.  Mr.  Knight  asked  wiiy  the  depletion 
rates  varied  more  in  the  tropics  than  in  the  temperate  areas.  Mr.  Orvedal 
replied  tliat  this  could  be  attributed  to  greater  differences  in  transpira- 
tion rates  of  the  vegetation  in  the  tropics. 
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27.  Mr.  M.  Soriano-Ressy  asked  if  differences  in  the  age  of  rock 
would  result  in  differences  in  characteristics  of  temperate  and  tropical 
soils.  Mr.  Orvedal  replied  that  the  ago  of  soil,  not  rock,  is  important. 

He  commented  on  the  unusual  nature  of  some  tropical  soils  that  appear  to 
change  from  coarse  to  fine  texture  with  manipulation  and  other  tropical 
soils  that  must  be  used  in  a wet  condition  for  road  construction. 

Portrayal  of  Trafficability  Conditions 

"Predicting  and  Portraying  Soil 
Moisttirc  on  an  Areal  Basis  in  Costa 
Rica"  by  A.  R.  McDaniel  (Apx>endix  G) 

28.  A system  for  predicting  and  portraying  soil  moistiu’c  on  an  areal 

basis  was  developed  from  data  collected  at  I70  test  sites  in  Costa  Rica. 
Relations  were  derived  for  the  0-  to  6-in.  and  6-  to  12-in.  layers,  Mois- 
txare  contents  above  field  minimum  were  predicted  on  the  basis  of  exponen- 
tial accretion  and  depletion  relations.  Factors  included  in  the  accretion 
relations  were:  last  previous  predicted  moisture  content,  rainfall  (if 

greater  than  0.10  in.),  moisture  range  (field  maxiimm  minus  field  minimum 
moisture  content),  predicted  available  storage,  and  an  equation  constant 
for  all  soils.  Factors  included  in  the  depiction  relations  were:  last 

previous  predicted  moisture  content,  nvunber  of  elapsed  elays  between  sig- 
nificant rainfalls,  and  an  equation  constant  for  all  soils.  Five  classes 
of  soils  were  established,  based  on  differences  in  moisture  range  between 
field  maximum  and  field  mlnimxmi  moisture  contents.  Starting  at  moisture 
contents  estimated  from  the  antecedent  month’s  rainfall,  one-year  predic- 
tions were  made  for  each  of  the  five  soil  classes  using  rainfall  records 
from  83  stations  in  Costa  Rica,  A map  for  each  of  the  soil  classes  was 
used  to  portray  the  predicted  results  on  a given  day.  To  make  a map,  pre- 
dicted moisture  contents  above  field  minimum  were  plotted  at  points  of  eac;! 
weather  station,  and  isopleths  were  drawn  to  delineate  areas  of  similar 
moisture  content.  Maps  for  three  soil  classes  were  drawn  for  five  dif- 
ferent days  of  the  year  to  show  the  areal  change  in  moisture  content  with 
season. 
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"soil  Trafficability  Classification 
Scheme"  by  M,  P.  Meyer  (Appendix  H) 

29.  A statistical  analysis  was  made  of  strength  in  terms  of  rating 
cone  index  for  soils  of  the  6-  to  12-in,  layer,  which  is  the  critical 
layer  for  most  U.  S.  Army  vehicles.  Data  were  obtained  during  wet-season 
periods  from  more  than  I3OO  sites,  most  of  which  were  located  in  humid, 
temperate  regions  of  the  United  States,  The  information  was  used  to  de- 
velop a scheme  for  classifying  soils  according  to  their  trafficability. 

The  scheme  considers  soils  classified  in  terms  of  both  the  USCS  and  the 
USDA  textural  classification  system,  topography  in  terms  of  relative 
position  and  water  table,  and  two  general  levels  of  wetness.  The  c3.as- 
sification  sclieme  lists  the  soil  types  under  each  of  fo’or  topography- 
general  wetness  level  conditions  in  order  of  decreasing  median  rating  cone 
index.  Adjoining  each  soil  type  is  a graph  showing  the  probability  of 
"go"  for  a vehicle  with  knovvTi  minimum  soil  strength  requirements,  i.e. 
vehicle  cone  index.  Prom  these  graphs,  the  analyst  can  estimate  the 
probability  of  a successful  operation  under  given  soil  type,  topography, 
and  general  wetness  level  conditions.  Given  the  choice  of  several  routes 
and  vehicles,  the  analyst  can  determine  which  vehicles  have  the  highest 
probability  of  traversing  a given  route  or  which  routes,  on  the  basis 

of  probabilities,  are  best  suited  for  given  vehicles. 

Discussion 

30.  Dr,  Raney  asked  if  moisture  content  entered  into  the  clas- 
sification scheme.  Mr.  Meyer  replied  that  it  is  used  indirectly  in 
determining  the  duration  of  the  wet  season;  the  classification  is  based 
on  strength  at  the  average  and  highest  moisture  conditions  of  the  soil 

in  the  wet  season.  Mr.  M,  V.  Kreipke  asked  if  the  scheme  could  be  applied 
throughout  the  world.  Mr,  Meyer  replied  that  the  scheme  was  developed 
from  data  collected  in  humid,  temperate  areas  of  the  United  States  but 
that  a similar  scheme  developed  for  Thailand  had  similar  soil  strength 
relations,  thus  suggesting  that  the  scheme  would  be  applicable  to  other 
tropical  areas,  A question  by  Mr.  Kreipke  asking  if  minimum  soil  strength 
could  be  vised  as  a guide  for  vehicle  design  precipitated  a lengthy  dis- 
cussion on  requirements  for  vehicle  design,  Mr.  Sale  said  that  the 
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design  of  a vehicle  required  consideration  not  only  of  soft  soil,  but 
also  of  other  military  requirericnts,  and  that  one  requirement  had  to  be 
balanced  against  another  to  provide  an  optimum  design;  there  is  no  such 
thing  as  an  all-purpose  vehicle. 

Plans  for  the  Future 


31,  Exhibit  3 is  a general  plan  for  the  future;  it  includes  five 
programs  designed  to  satisfy  needs  in  battlefield  environments  for  soil 
information  relating  to  vehicle  mobility,  military  construction  support, 
and  weapons,  Specific  plans  are  also  presented  for  the  immediate  future. 

32.  Mr.  Orvedal  said  it  was  difficult  to  divorce  trafficability 
from  mobility  problems  and  asked  if  the  proposed  plans  were  part  of  a 
larger  plan.  Mr.  Shockley  replied  that  many  other  facets  would  bo  con- 
sidered in  the  environmental  studies.  Mx-.  Jackson  asked  how  the  plan 
differed  from  current  work.  Mr.  Shockley  reviewed  the  four  immediate 
tasks,  pointing  out  the  proposed  direction  of  new  efforts.  Dr,  A.  A. 
Warlam  asked  if  the  program  included  single-pass  considerations,  Mr. 
Shockley  said  it  woxild  insofar  as  information  could  be  gleaned  from  cur- 
rent data;  however,  the  prediction  manual  would  be  based  largely  on  50- 
pass  considerations.  Mr,  Sale  asked  if  usefitL  information  could  be 
obtained  throvigh  the  interpretation  of  airphotos  of  totally  inaccessible 
areas.  Mr.  A.  A,  Rxila  said  the  real  test  is  to  write  up  the  procedure 
and  test  it.  Dr.  Goodlett  asked  if  battlefield  information  had  been  used 
for  reference.  Mr.  Shockley  replied  that  battlefield  reports  had  been 
examined  in  a contract  study  by  George  Washington  University;  however, 
the  data  obtainable  were  too  general  and  qualitative  to  satisfy  the 
needs  of  WES. 


Consultants ' Recommendations 


33.  The  Board  of  Consultants  met  during  the  morning  of  30  November 
to  formulate  a report  of  recommendations.  The  report  (exhibit  U)  was 
presented  by  Dr.  Raney  to  all  conference  participants. 
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34.  Dr.  Warlam  :3Uggested  that  moisture  error  be  expressed  on  a 
relative  basis,  that  future  work  be  concentrated  on  low-strength  soil 
conditions,  and  that  consideration  be  given  to  using  the  tapered  penetrom- 
eter to  measure  soil  strength.  Mr.  Carlton  expressed  concern  regarding 
the  time  which  would  be  required  to  arrive  at  solutions  if  researcli  is  to 
be  carried  out  on  a theoretical  basis.  Dr.  Raney  remarked  that  a time 
limit  cannot  be  placed  on  this  research.  Mr.  Orvedal  remarked  that  the 
program  has  been  characterized  by  a series  of  short-run  studies,  and  that 
the  vrork  should  be  viewed  now  as  a long-range  program  and  planned  accord- 
ingly. Mr.  Turnb^LLl  added  that  if  such  an  approach  is  followed,  the 
program  should  be  funded  accordingly.  Mr.  Shockley  adjourned  the  meeting. 


13 


AGENDA 

for 

CONFEREITCE  ON  SOIL  TRAFFIC/ BILITY  mEDIf.l'ICN 

U.  3.  Army  Engineer  Waterways  Experiment  Station 
Vicksburg,  Mississippi 
29-30  November  I966 

Mr.  W.  G.  Shockley,  Chairman 


First  Day 

Main  Conference  Room  - Headqmrters  Building 


OB  30 

Welcome 

Col 

, John 

R.  Oswalt,  Jr. 

0835 

Introduction 

Mr. 

W.  G. 

Shockley 

08U0 

Mobility  and  Environmental  Division 
Research  Programs 

Mr. 

S.  J. 

Knight 

0855 

Movie  - AMG-Sponsored  Research  at  WES 

0910 

Battlefield  Environment  Research 
Program 

Mr, 

R.  F. 

Jackson 

0930 

Coffee  Break 

0950 

Review  of  Trafficability  Prediction 
Studies 

Mr, 

M.  P. 

Meyer 

1010 

Soil  Moisture  Prediction  for  Traffic- 
ability  Purposes 

Mr. 

C.  A. 

Carlson 

lOUO 

Effects  and  Deficiencies  of  Soil 
Moisture  Prediction  System 

Mr, 

A.  R. 

McDaniel 

1100 

Disciission 

Group  Ib.rticipation 

1119 

A Tentative  Soil  Strength  Prediction 
System 

Mr. 

J.  G. 

Collins 

1135 

Discussion 

Group  Participation 

1150 

The  Influence  of  Water  Tables  on  Soil 
Moisture  and  Soil  Strength 

Mr. 

J.  G. 

Collins 

1210 

Influence  of  Soil  Variability  on  Soil 
Moisture  and  Strength  Predictions 

Mr. 

H.  D. 

Molthan 

(1  of  2 sheets)  EXHIBIT  1 


First  Day  (Continued) 


1230 

Discussion 

Group  Participation 

1245 

Lunch 

1345 

Comparison  of  Prediction  Factors  for 
Temperate  and  Tropical  Climates 

Miss  M.  H.  Smith 

i405 

Discussion 

Group  Participation 

1420 

Coffee  Break 

l44o 

Predicting  and  Bsrtraying  Soil  Moisture 
on  an  Areal  Basis  in  Costa  Rica 

Mr,  A,  R.  McDaniel 

1500 

Soil  Trafficability  Classification 
Scheme 

Mr.  M.  P.  Meyer 

1520 

Discussion 

Group  Participation 

1540 

Plans  for  Future 

Mr.  M.  P,  Meyer 

1600 

Discussion  of  Future  Plans 

Group  Participation 

1630 

Adjo\irn 

Second  Day 

0830  Consultants  * Time  (m&E  Conference  Room) 

1030  Consultants ' Report  (Main  Conference  Room) 

1200  Adjourn 


I S 


EXHIBIT  1 (2  of  2 sheets) 


ATTENDEES 


CONFERENCE  ON  SOIL  TR/.FFECABILITY  PREDICTION 

U,  S,  Army  Engineer  Waterways  Experiment  Station 
Vicksburg,  Mississippi 
29-30  November  19^ 


U,  S,  Army  Materiel  Command 
Mr.  P.  F.  Carlton 

Office,  Chief  of  Engineers 
Mr,  R.  F.  Jackson 
Mr,  J.  P.  Sale 

Office  of  Chief  of  Research  and  Development 
Mr.  M.  V.  Kreipke 

U,  S,  Army  Tank  Automotive  Center 
Mr.  R.  A,  Listc 

U.  S,  Anny  Natick  Laboratories 
Dr,  L.  W,  Trueblood 

Consultants 

Dr.  H,  W.  Lull,  U.S.D.A.  Forest  Service 

Mr.  C.  E.  Molineux,  U.S.  Air  Force  Cambridge  Research  Laboratories 

Mr.  A.  C.  Orvedal,  U.S.D.A.  Soil  Conservation  Service 

Dr,  W,  A.  Raney,  U.S.D.A.  Agricviltural  Research  Service 

Dr.  D.  McCliorkin,  U.S.D.A.  Forest  Service 

Dr.  A.  A.  Warlara,  Consulting  Engineer 


Observers 

Dr.  J.  C.  Goodlett,  Department  of  Geography,  Johns  Hopkins  University 
Dr,  H.  L.  Mills,  Department  of  Biological  Sciences,  Marshall  University 

U.  S.  Army  Engineer  Waterways  Experiment  Station 

I^rtlcipants 

Col.  John  R.  Oswalt,  Jr.,  Director 
Lt.  Col.  G.  E.  Jester,  Deputy  Director 
Mr.  J.  B.  Tiffany,  Technical  Director 
Mr.  W.  J.  Turnbull,  Chief,  Soils  Division 

Mr.  W.  G.  Shockley,  Chief,  Mobility  and  Environmental  Division 


I b 


(1  of  2 sheets)  EXHIBIT  2 


Barticlpants  (Continued) 

Mr.  S,  J.  Knight,  Asst  Chief,  Mobility  and  Environmental  Division 

Mr.  M.  P.  Meyer,  Chief,  Classification  and  Prediction  Section 

Mr.  C.  A.  Carlson,  Classification  and  Prediction  Section 

Mr.  J.  G.  Collins,  Classification  and  Prediction  Section 

Mr.  A.  R.  McDaniel,  Classification  and  Prediction  Section 

Mr,  H.  D.  Molthan,  Classification  and  Prediction  Section 

Miss  M.  H.  Smith,  Classification  and  Prediction  Section 

Observers 

Mr.  Fred  R.  Brovm,  Chief,  Technical  Programs  and  Plans 

Dr.  D.  R.  Freitag,  Chief,  Mobility  Research  Branch 

Mr.  A.  A.  Rida,  Chief,  Vehicle  Studies  Branch 

Mr.  E.  S.  Rush,  Chief,  Soil-Vehicle  Studies  Section 

Mr.  B.  R.  Davis,  Chief,  Remote  Sensing  Section 

Mr.  J.  K.  Stoll,  Chief,  Obstacle-Vehicle  Studies  Section 

Mr.  R.  R,  Friesz,  Chief,  Military  Activities  Section 

Mr.  B.  0.  Benn,  Chief,  Data  Development  Section 

Mr.  J.  G.  Kennedy,  Soil-Vehicle  Studies  Section 

Mr.  G.  T.  Ellis,  Classification  and  Prediction  Section 

Mr.  M.  Sorlano-Ressy,  Data  Development  Section 

Dr.  H.  J.  Nikodem,  Remote  Sensing  Section 

Mr,  G.  E.  Schabilion,  Military  Activities  Section 

Mr.  William  N,  Rxishing,  Data  Development  Section 


EXHIBIT  2 (2  of  2 sheets) 


i7 


I’lAWa  JJTJK  THIS  iVi'UKJS 


Introduction 


The  research  performed  to  date  in  soil  moisture  and  strength 
prcdiction--including  the  specific  studies  discussed  today--has  been 
responsive  to  the  Army's  needs  in  only  one  area;  namely,  vehicle  mobility. 
Because  emphasis  was  originally  on  quick  answers,  the  studies  have  been 
almost  completely  empirical  and  statistical.  It  is  now  deemed  appropriate 
to  view  these  particular  studies  in  the  light  of  all  the  Army's  needs  and 
from  a more  basic  or  fundamental  standpoint.  In  other  words,  it  is  pro- 
posed that  the  research  program  be  reexamined  and  a more  fundamental 
plan  of  research  be  initiated  based  on  the  most  realistic  assessment  of 
battlefield  environments  possible  to  make  at  this  time. 

The  military  uses  for  soil  information  are  many  and  varied.  Indeed, 
they  are  so  many  that  WES  intends  to  restrict  itself  to  study  of  those  in 
which  the  immediate  needs  appear  to  be  greatest.  In  the  terms  of  the 
Battlefield  Environment  Research  Program,  these  are  vehicle  mobility, 
mobility  construction  support,  and  weapons.  It  is  therefore  proposed 
that  a research  program  be  developed  around  the  requirements  of  these 
three  functions. 

The  final  products  of  the  Battlefield  Environment  Research  Program 
will  be  analytical  or  mathematical  models  relating  terrain  to  military 
activities  in  such  a way  that  i>erformance  can  be  predicted  in  any  situa- 
tion in  which  the  terrain  details  are  known  with  sufficient  accuracy. 

These  models  undoubtedly  will  progress  slowly,  growing  more  and  more  ac- 
curate and  sophisticated  as  more  is  learned  about  the  detailed  relations 
of  terrain  to  military  activities.  At  any  one  point  in  time,  however, 
the  model  will  hopefully  represent  the  state-of-the-art  at  that  time.  One 
important  concomitant  of  successful  research  and  improved  analytical  models 
is  more  accurate  data  on  terrain  factors.  Another  is  assurance  that  no 
pertinent  factors  in  terrain-activities  relations  are  left  unconsidered 
or  unstudied.  Still  another  point  is  to  establish,  insofar  as  feasible, 
the  detail  and  accuracy  with  which  these  factors  must  be  measured, 
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I'ne  suojecx  or  venicre  mooimy  is  werx  Known  ai)  wcio  dut^  is  oy  no 
means  completely  understood.  There  appear  to  be  at  least  four  major  soil 
factors  that  affect  vehicle  mobility:  (a)  the  strength  or  condition  of 

the  soil  at  the  surface,  (b)  the  strength  or  condition  of  the  soil  below 
the  surface,  (c)  the  change  in  strength  of  soil  that  occurs  with  dis- 
tiurbance  (i.e,,  its  sensitivity,  or  remoldability  as  we  usually  refer  to 
it),  and  (d)  the  stickiness.  Despite  the  fact  that  WES  has  studied  this 
problem  for  many  years  and  has  obtained  highly  useful  data  for  military 
purposes,  WES  personnel  do  not  completely  understand  the  phenomena 
involved. 

The  factors  required  for  a mathematical  model  that  will  relate 
soil  to  mobility  construction  support  are  much  less  well  understood.  It 
is  believed  that  they  Include  the  fo^u•  factors  already  described  (surface 
strength,  mass  strength,  sensitivity,  and  stickiness),  plus  perhaps  several 
more.  Some  of  the  additional  factors  undoubtedly  are  related  to  compac- 
tibility  and  compressibility;  that  is,  they  are  those  factors  that  control 
the  possible  packing  arrangements  of  the  soil  particles,  the  ease  with 
which  such  arrangements  can  be  achieved,  and  the  resxilting  soil  response 
to  external  forces. 

The  factors  that  affect  weapons  are  largely  unexplored.  There  appear 
to  be  two  major  areas  where  research  is  needed:  (a)  the  interactions 

between  projectile  and  soil,  and  (b)  the  interactions  between  weapon  sup- 
porting and  stabilizing  elements  and  the  soil.  It  is  hypothesized  that 
the  significant  factors  include  all  of  those  that  are  significant  for 
vehicle  mobility  and  mobility  construction  support,  plus  an  indeterminate 
number  of  additional  ones.  One  of  these  may  be  viscosity,  or  whatever 
property  (or  properties)  controls  the  rate  of  propagation  of  shock  waves 
through  the  soil. 


General  Plan  for  the  Future 


With  the  above  backgroxind,  a new  general  plan  for  a research  program 
can  be  formulated.  It  will  be  comprised  of  five  fundamental  programs, 
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each  of  which  will  consist  of  a number  of  relatively  clearly  definable 
tasks  and  subtasks. 

Program  I:  Development  of 

Improved  Field  Instruments 

It  is  considered  that  research  in  the  past  has  sviffcred  significantly 
because  of  inadequate  data — both  quantitatively  and  qualitatively.  It  is 
deemed  higlaly  necessary  that  significant  time  and  effort  be  devoted  to 
the  development  of  improved  instrumentation  which  will  hopefully  relieve 
this  "suffering."  Three  devices  are  presently  required:  (a)  a reliable 

soil  moisture  sensing  device  to  permit  economical  measiu'ements  at  intervals 
as  close  as  1*1  minutes if  needed;  (b)  a recording  cone  penetrometer  es- 
pecially sensitive  to  surface  conditions  and  amenable  to  consistent  rates 
of  penetration  in  all  soil  conditions:  and  (c)  a device,  possibly  a more 
sophisticated  version  of  the  Cohron  sheargraph,  to  raeasiire  surface  prop- 
erties of  soil.  For  maximum  utility,  all  of  these  instiaimcnts  should  be 
easily  mrtable,  durable,  reliable,  etc. 

Program  II:  Identification 

of  Significant  Joil  Factors 

A list  of  significant  soil  factors  will  be  compiled  for  each  of  the 
military  functions  under  consideration  (vehicle  mobility,  mobility  con- 
striction support,  and  weapons).  This  program  will  consist  of  a survey 
of  the  technical  literature  on  the  three  military  fimctions  and  related 
topics.  Laboratories  involved  ir  research  in  these  and  related  topics 
also  will  be  contacted.  The  objective  will  be  to  compile  a preliminary 
list  of  significant  factors , a summary  of  the  resolution  of  measiu’cment 
required  for  each,  any  analytical  or  nuxtliematical  m.odels  related  to  the 
specified  military  functions,  and  all  devices,  instruments,  and  tecliniques 
currently  used  to  measure  the  factors . 

Program  III : Development  of  Im- 

proved  Soil  Measurement  Procedures 

Based  on  an  analysis  of  the  data  obtained  in  tlie  literature  search, 
an  effort  will  be  made  to  develop  updated  procedures  for  obtaining  measure- 
ments of  the  required  factors  in  the  field.  Two  fundamental  tasks  will 
be  involved. 
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Task  1.  The  new  instruments  develoi>ed  in  Program  I will  be  field 
tested  to  ensure  reliability. 

Task  2.  More  rigorous  methods  of  establishing  valid  sample  sizes  for 
soils  of  all  types  and  vuider  all  conditions  will  be  developed.  The  general 
outline  of  this  task  will  involve  consideration  of  each  significant  factor 
as  identified  by  Program  II,  the  development  of  a hypothesis  to  explain 
the  causes  of  areal  or  depth  variation  of  each  factor,  and  an  experiment 
for  each  factor  designed  to  verify  or  disprove  the  hypothesis.  This  cycle 
will  be  repeated  as  many  times  as  necessary. 

Program  IV;  Development  of  Gon- 
ciarrent  Research  in  Remote  Sensing 
Through  Electronic  Means  and 
Aerial  Hiotographs  and  Indirect 
Methods  for  Acquiring  Terrain  Data 

If  knowledge  of  soil  properties  is  to  be  used  in  the  terrain  in- 
telligence smd  materiel  design  cycles,  a method  (or  methods)  must  be  found 
for  rapidly  assessing  the  soil  properties  of  large  areas.  In  general, 
this  implies  the  development  of  a capability  for  deducing  or  inferring 
those  properties  from  noncontact  sensing  system  data  or  images,  or  from 
indirect  sovirces.  For  example,  if  a sufficiently  good  correlation  between 
surface  geometry,  vegetation  physiognomy,  climate,  and  soil  factor  values 
coxild  be  found,  then  it  would  be  "practical”  to  "predict"  the  soil  factor 
value  on  the  basis  of  the  presence  of  a specific  array  of  site  character- 
istics which  could  be  recognized  on  airphotos. 

Task  1.  Prediction  of  soil  mass  and  soil  surface  strength  from 
climatic  and  site  information  will  be  undertaken.  It  vd.ll  be  the  aim  of 
this  task  to  move  toward  a more  basic  understanding  of  relations  between 
soil  strength  and  environmental  factors. 

Subtask  1.  An  analytical  or  mathematical  model  will  be  de- 
veloped that  vd.ll  describe  in  deterministic  terms  the  reaction  of 
soils  to  the  applied  stresses  of  the  three  military  activities 
mentioned. 

oubtask  2.  The  movement  emd  flow  of  vra.ter  through  soils  will 
be  studied  more  intensively.  This  subtask  will  be  facilitated  by 
the  successful  development  of  the  instrumentation  already  referred 
to. 


Subtask  3»  A method  of  describing  significant  site  factors  in 
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quantitative  terras  will  be  developed  so  that  such  data  can  be  used 
in  valid  analytical  models  for  predicting  the  performance  of  soils. 

It  is  anticipated  that  descriptions  will  have  to  be  developed  for 
factors  affecting  evaporation  losses,  transpiration  losses,  hydraiilic 
gradient,  water  accretion  sources,  and  perhaps  several  others. 

Task  2,  Photo-interpretation  keys  will  be  developed  for  identifying 
soil  factor  values,  specifically  those  related  to  the  array  developed  as 
a product  of  Program  II.  This  task  is  envisioned  as  an  exploitation  of 
information  developed  in  Programs  II  aud  III,  and  in  Task  1,  Program  IV. 

In  general  terms,  the  subtask  structure  is  envisioned  as  follows. 

Subtask  1.  Study  sites  will  be  selected.  Tentatively,  study 
areas  will  be  established  in  the  following  places:  near  Vicksburg, 

Miss,  (floodplain  and  bliiff  complex);  near  Guanica,  Puerto  Rico 
(tropical  thorn  forest  and  savanna  complex);  near  ^natl,  Puerto 
Rico  (tropical  cultivated  floodplain  and  beach  ridge  complex); 
near  Huntington,  W.  Va.  (midlatitude  complex  of  forest,  cultiva- 
tion, floodplains,  and  mountains);  and  near  Tempe,  Ariz,  (Sonoran 
desert  to  mountain  evergreen  forests  at  high  altitudes).  Appropriate 
data  will  be  measured. 

Subtask  2,  Up-to-date  air  photography  will  be  obtained,  and 
all  possible  soil  conditions  will  be  predicted  through  a yearly 
cycle,  in  as  much  detail  as  possible.  The  weather  variations 
characterizing  each  site  will  be  studied,  and  predictions  will  be 
made  through  each  characteristic  weather  cycle. 

Subtask  3«  After  the  predictions  have  been  made,  the  sites 
will  be  studied  on  the  groxuid,  and  actual  and  predicted  moisture 
contents  will  be  compared.  Conditions  will  be  monitored  through 
each  characteristic  cycle. 

Subtask  4,  Hioto- interpretation  systems  and  procedures  will 
be  updated  as  a result  of  the  findings  in  subtask  3. 

The  tasks  \uider  Program  IV  will  be  conducted  in  cooperation  with  the 
Department  of  Botany,  Marshall  University,  and  the  Department  of  Agrlcvil- 
ture  research  establishment  at  Tempe,  Ariz, 

Program  V:  Development  of 

Improved  Data  Display  Systems 

If  interpretation  and  prediction  systems  are  to  be  used  successfully 
for  military  purposes,  the  output  must  be  in  a form  that  can  be  readily 
employed.  Furthermore,  the  flow  of  information,  from  data  acquisition  to 
storage  to  manipulation  (or  interpretation  or  analysis)  to  display,  should 
be  as  rapid  as  possible.  It  is  our  conviction  that  this  can  be  achieved 
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only  by  exploiting  machine-processing  to  the  fullest  extent.  In  view  of 
this,  efforts  will  be  made  to  automate  every  step  in  the  information 
flow  process. 


Specific  Flans  for  the  Future 

The  foregoing  presentation  has  referred  to  the  general  need  for 
reorientation  of  the  research  program  along  the  lines  of  the  Battlefield 
Environment  Research  Program  and  has  described  a general  plan  of  research. 
For  the  Immediate  future  it  is  proposed  to  undertake  specific  items  of 
research  as  described  below. 

Item  1 

The  present  soil  moisture-strength  predicliua  system  for  small  sites 
will  be  tested  for  accuracy.  Although  there  exists  a reasonably  clear 
estimate  of  the  accviracy  with  which  the  present  system  is  able  to  predict 
soil  moisture  content  and  strength,  a specific  test,  under  simulated  battle 
field  conditions,  has  never  been  made.  Accordingly,  it  is  proposed  that 
such  a test  be  made  as  soon  as  feasible.  Results  of  the  test  are  not 
expected  to  provide  a final  or  ixltimate  answer  to  the  question  of  how  ac- 
curate the  system  is,  but  they  should  provide  useful  data  in  this  direc- 
tion and  be  viseful  as  an  inclusion  In  item  2, 

The  test  will  consist  of  several  levels  of  prediction,  beginning  with 
only  knowledge  of  soil  type,  tojxjgraphic  position,  and  published  clima- 
tological data  (minimum  information  assvuncd  to  be  available  to  commanders 
in  the  field),  predicting  soil  moisture  content  and  strength  on  a seasonal 
basis,  Eind  progressing  to  a final  level  of  prediction  in  which  all  the 
factors  are  known  (because  they  have  been  measured)  and  "prediction"  is 
made  daily  on  the  basis  of  actual  measured  samples. 

Item  2 

A technical  bulletin  for  use  by  the  Army  in  the  field  will  be  written 
and  if  approved  by  the  Army,  it  will  be  published.  The  bulletin  will  de- 
scribe, in  cookbook  fashion,  the  various  steps  to  be  made  in  predicting 
soil  moisture  content  and  strength  according  to  the  present  state-of-the- 
art.  There  is  no  doubt  that  the  state-of-the-art  will  Improve  and  demand 
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a revision  of  the  bviUetin,  The  bulletin  will  be  similar  to  the  familiar 
TB  ENG  37  in  piorpose  and  format. 

Item  3 

As  a result  of  more  fundamental  moisture-strength  studies,  it  is 
proposed  that  data  previously  collected  for  trafficability  prediction 
purposes  be  reevaluated  to  determine  what  data  can  be  profitably  used  in 
the  developnent  of  a more  accurate  system  of  trafficability  prediction. 
Additional  data  will  be  collected  only  when  necessary  to  fill  gaps  in  the 
prediction  system. 

Item  4 

It  is  proposed  to  continue  the  water  table  studies  with  the  specific 
objective  of  being  able  to  determine  where,  when,  and  for  how  long  water 
table  conditions  will  exist.  To  achieve  this  objective,  studies  of  a more 
fundamental  natiare  will  be  undertaken  to  provide  a better  understanding 
of  water  table  environmental  factor  relations. 
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REPORT  OF  CONSULTANTS 


Introduction 


1.  The  presentation  of  papers  by  personnel  of  the  Mobility  and 
Environmental  Division  was  well  organized  and  thorough;  it  reflected 
careful  preparation  by  a diligent  and  competent  staff.  We,  the  members 
of  the  Board  of  Consultants,  extend  o\ir  compliments  to  Mr.  Shockley  and 
all  others  concerned  for  a Job  well  done. 

2.  The  Board  of  Consultants  recognizes  that  a research  program, 

in  the  final  analysis,  is  the  responsibility  of  those  to  whom  it  has  been 
charged.  In  light  of  o\ar  experience  in  different  but  related  fields  of 
interest,  we  can  do  little  more  than  recommend  courses  of  action  which 
may  hasten  the  fulfillment  of  the  research  program  objectives.  The 
decision  as  to  whether  a recommendation  is  irplemented  must  be  made  by 
those  having  full  knowledge  of  other  existing  and  proposed  research 
programs,  current  emphasis  in  requirements  by  the  sponsor,  availability 
of  personnel  and  funds,  and  many  other  factors. 

General  Approach 

3.  Approximately  20  years  ago,  the  WES  developed  a practical  system 
(instrumentation  and  techniques)  for  relating  soil  strength  to  the 
mobility  of  military  vehicles.  Since  then  much,  perhaps  most,  of  the 
research  and  development  has  been  done  under  pressure,  for  quick  resvilts. 
The  research,  therefore,  has  been  more  in  the  nature  of  a series  of  short- 
term programs  rather  than  deliberate,  long-term  programs.  Understandably, 
the  approaches  have  been  rather  empirical  where  adequate  theory  did  not 
exist.  Many  answers  are  at  hand  or  can  be  derived,  but  not  all  with  the 
precision  that  would  be  desirable, 

4.  A mass  of  data  has  now  been  accumulated  on  the  strength  of  many 
kinds  of  soils,  at  many  moistiure  contents,  and  under  many  environmental 
situations.  The  effects,  not  only  of  soils  but  of  all  relevant  terrain 
features  in  the  almost  infinite  number  of  combinations  in  vdilch  they 
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exist,  are  beginning  to  be  appreciated  and  studied.  Many  advances  have 
been  made  in  soil  mechanics,  soil  science,  and  hydrology;  and  the  elec- 
tronic data  processor  has  become  a readily  ave  able  tool  when  needed. 

In  view  of  the  foregoing,  we  feel  that  reevali.  ’ -ons  of  both  the  data  and 
the  approaches  are  in  order, 

5.  More  specific  recommendations  by  the  Board  of  Consultants  are 
presented  in  the  following  paragraphs. 

Soil  Moisture 


6.  The  Board  could  not  fall  to  observe  that  the  great  majority  of 
papers  presented  at  the  conference  were  concerned  with  only  one  factor 
pertinent  to  trafficability,  namely  soil  moisture.  The  preponderance  of 
moisture-oriented  studies  reflects  the  emphasis  placed  on  this  one  item 
by  WES  investigators  for  the  past  15  years. 

7.  In  recognition  of  the  obvious  importance  of  soil  moisture  to 
soil  strength,  a system  has  been  developed  for  predicting  soil  moisture. 
From  the  studies  leading  to  the  development  of  the  system,  much  has  been 
learned  of  soil  moisture,  its  changes,  and  its  effects  on  trafficability. 

8.  The  problem  of  soil  moisture  prediction  is  complicated  by  so 
many  variables  and  their  interactions  that  it  will  never  be  completely 
solved.  Some  refinements  have  been  made  during  the  past  eight  years,  but 
a cutoff  shoiHd  be  made.  It  appears  to  the  Board  that  for  the  sake  of  a 
well-balanced  program,  further  I'outino  collection  of  soil  moisture  data 
should  be  held  in  abeyance. 

9.  The  soil  moist\u:e  prediction  system  is  perhaps  based  on  too 

few  parameters  and  on  parameters  that  cannot  effectively  be  measured  at 
the  present  time.  We,  therefore,  suggest  that  the  program  move  in  two 
directions:  (a)  a further  study  of  fundamental  factors  influencing  soil 

moisture,  and  (b)  an  employment  of  the  present  system  for  limited  use 
under  conditions  defined  by  probabilities. 

10.  The  develoiment  of  a theoretically  derived  predictive  equation 
is  now  highly  desirable.  Tliere  are  very  definite  relations  among  soil 
classes,  soil  physical  conditions,  and  soil  strength.  There  are  also 
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very  definite  relations  between  soil  physical  characteristics  and  water 
transmission  characteristics,  and  the  latter  have  a significant  influence 
on  both  the  accretion  and  depletion  of  soil  moistiare. 

11.  Wc  suggest  that  the  "total  soil  profile"  concept  be  utilized; 
all  depths  that  furnish  and  receive  moisture  from  the  6-  to  12-in,  layer 
by  gravitational  flow,  interflow,  and  seepage  must  be  accounted  for.  Con- 
centration on  the  6-  to  12-in.  layer  does  not  lend  itself  to  theoretical 
evaluation  by  energy  balance  or  by  water  movement  into  and  from  this 
layer.  Fundamental  processes  can  best  be  examined  in  reference  to  the 
entire  profile;  once  they  have  been  worked  out,  a means  of  assessing  their 
integrated  effect  on  the  6-  to  12-in.  layer  may  be  possible. 

12.  Attention  must  be  given  to  wetting  of  the  soil  by  rainfall  as 
the  wetting  is  affected  particvilarly  by  the  rainfall  characteristics, 
plant  canopy  geometry,  soil  physical  conditions  (infiltration  and  drain- 
age), and  topographic  conditions  (subs'urface  flow).  Other  items  that 
should  be  considered  include  the  effective  thickness  of  the  capillary 
fringe  with  respect  to  trafficability,  the  soil  profile  characteristics 
(stratification,  etc,),  and  the  water  table  regime  with  respect  to  poten- 
tial gradients,  water  transfer,  and  the  influence  of  the  river  basin, 

13.  Close  liaison  with  other  groups  conducting  similar  research 
is  desirable.  Personal  contact  with  such  groups  will  assure  beneficial 
and  complementary  coordination.  New  contacts  should  bo  made,  and  those 
now  existing  should  be  continued.  Of  particular  interest  are  the  American 
Meteorological  Society  and  the  group  at  Port  Huachuca  who  are  primarily 
concerned  with  using  a meteorological  approach  to  predicting  soil  moisture. 
NASA  has  made  considerable  progress  in  photo  reconnaissance,  having  de- 
veloped hardware,  and  is  now  concerned  with  the  significance  of  photo- 
graphs; these  may  be  most  useful  for  translating  point  measiu:ements  to 
items  of  significance  and  extrapolating  point  measurements  geographically. 
Also  of  interest  are  the  plans  of  the  Department  of  Interior  for  launching 
a reconnaissance  satellite;  among  other  things,  soil  moisture  surveillance 
is  anticipated. 

14.  The  Board  feels  that  expenditvires  of  efforts  and  large  sums 
of  money  for  devising  improved  moisture  sensing  devices  would  not  be 
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advisable.  There  is  little  evidence  to  indicate  that  any  inoistiire  pre- 
diction system  would  be  greatly  improved  if  based  on  highly  accurate 
measurements  (or  even  exact  measurements)  of  soil  moisture  content. 


Soil  Strength  and  Trafficability 

15,  While  the  soil  strength  data  cover  a wide  range  of  soils,  the 
vast  majority  of  them  are  in  the  soil  strength  range  greater  than  100 
rating  cone  index.  Above  this  level,  soils  are  trafficable  to  practically 
all  military  vehicles;  hence,  many  of  the  data  have  no  relevance  to  traf- 
ficability, although  they  may  have  relevance  to  other  military  operations. 
Abstention  from  extensive  collection  of  data  in  areas  of  generally  good 
trafficability  is  strongly  urged.  There  is  a paucity  of  soil  strength 
data  for  permanently  wet  places  like  marshes  and  swamps;  data  from  such 
sites  are  needed, 

16,  In  the  interest  of  more  rapid  progress  it  would  be  desirable 
to  formulate  programs  directed  specifically  toward  prediction  of  traf- 
ficability rather  than  toward  prediction  of  isolated  individual  factors 
such  as  moistwe  or  water  table  elevation.  The  same  measurement  effort 
could  be  made  to  measure  the  trafficability  parameters  directly,  A system 
for  estimating  trafficability  directly,  the  soil  trafficability  classifica- 
tion system,  appears  to  be  workable  and  of  immediate  usefulness, 

17,  The  soil  moisture-strength  prediction  system  should  be  field 
tested  in  an  exercise  similar  to  that  conducted  at  Ft,  Campbell  in  195^. 

The  soil  trafficability  classification  system  should  be  tested  at  the  seune 
time  to  serve  as  a check  on  the  reliability  of  the  system, 

18,  The  present  knowledge  of  soil  trafficability  prediction  should 
be  condensed  into  a simple  and  practical  procedural  form  and  published  as 
a technical  report, 

19,  The  soil  trafficability  conditions  are  defined  only  in  terms 
of  the  rating  cone  index  of  the  6-  to  12-in,  soil  layer.  The  Board  feels 
that  this  concept  merits  reexamination.  It  restricts  the  usefulness  of 
results  to  those  operations  that  involve  40  or  50  vehicles  moving  in  trace. 
The  trafficability  prediction  systems  need  to  be  expanded  in  order  that 
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they  may  be  applicable  to  1-,  2-,  or  50-pass  situations.  Also,  the  Board 
recommends  that  factors  such  as  horizontal  resistance,  surface  friction 
(slipporiness ) , sidevrall  drag  in  rut,  and  inlcrogoometry  be  considered 
quantitatively  in  terms  of  their  effects  on  vehicle  mobility. 

Variation 


20.  Variation,  as  noted  in  the  presentation  on  soil  variability, 
constitutes  a very  real  problem.  Without  an  adequate  determination  of 
the  variation  (whether  due  to  instrumentation,  technique,  or  soil  varia- 
bility) inherent  in  the  test  procedures  followed,  a decision  as  to  whether 
or  not  differences  between  test  sites  are  real  cannot  be  made. 

21.  Attempts  should  be  made  to  establish  the  size  of  sc  '.I  inclusions 
which  effectively  Influence  soil  trafficability.  Procedures  shoiiLd  also 

be  established  for  the  recognition  and  delineation  of  such  anomalous  areas, 
particularly  if  the  anomalies  are  primarily  subsurface  in  nature, 

22.  The  variability  of  penetrometer  readings  due  to  operator  error, 
the  variability  due  to  soil  differences,  and  the  variability  of  rainfall 
predictions  are  all  of  importance;  if  significant,  they  must  be  accom- 
modated in  the  soil  trafficability  prediction  system.  In  view  of  these 
variabilities,  it  seems  unrealistic  to  strive  for  high  degrees  of  predic- 
tion accuracy  if  results  are  to  be  applied  to  areas  and  not  to  just  one 
point  in  space. 


Procedures  for  Presenting  Data 

23.  The  various  presentations  were  complicated  by  the  fact  that 
differing  units  of  measurement  (e.g.,  moisture  content  presented  in  indies 
and  percent  weight),  graphing  methods,  etc.,  were  used.  It  is  recommended 
that  all  such  procedures  be  standard  zed  when  possible. 

24.  Wlien  the  accuracy  of  prediction  is  characterized  by  moisture 
content  deviations,  the  deviations  should  be  expressed  in  terms  of  relative 
moisture  change,  i.e,,  Aw/w  . 
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Plans  for  the  Future 


25.  The  Board  has  considered  the  proposed  "Plans  for  the  Future" 
and  concurs  with  the  proposition  that  further  studies  be  vindertaken  vdth 
a view  toward  applicability  of  results  under  battlefield  environmental 
conditions, 

26.  It  is  suggested  that  a revised  proposal  for  future  programming 
be  prepared  and  that,  in  the  preparation,  the  views  of  the  Board  expressed 
above  bo  duly  considered. 
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APEENDIX  A:  METHODS  OF  SOIL  MOISTURE  IREDICTION  FOR 

TRAFFICABILITY  RJRPOSES 

PART  I:  DERIVATION  OF  PREDICTION  METHOD  WITH  SPECIFIC  RELATIONS 

Background  and  Purpose 

1.  The  soil  moisture  prediction  method  was  developed  to  predict,  on 

a daily  basis,  the  net  moistvure  content  of  the  6-  to  12-in,*  soil  layer,  the 
critical  layer  for  most  military  vehicles.  Concurrent  predictions  arc  made 
for  the  0-  to  6- in.  layer  also,  since  it  is  necessary  to  route  water  from 
rainfall  throu^  the  surface  layer  into  the  critical  layer.  Requirements 
for  the  prediction  method  include  simplicity,  to  permit  use  by  nontechnical 
personnel,  and  availability  of  data  needed  to  make  a prediction.  The  data 
may  come  from  published  sotirces  or  from  reports  from  the  field. 

2.  Althou^  many  factors  of  soil,  weather,  topography,  and  vegetation 
Influence  the  molstvire  changes  in  a soil  layer,  it  was  desired  to  select  the 
dominant  expressions  of  change,  particularly  those  that  integrate  the  in- 
fluence of  several  factors,  to  achieve  simplicity  yet  maintain  a useful 
level  of  accuracy.  It  was  found  in  early  studies  that  the  influence  of 
individual  factors  generally  could  not  be  ascertained  from  the  data.  Indi- 
vidual effects  were  masked  by  the  varied  effects  of  many  variables,  some 

of  which  were  not  measured,  and  the  change  generated  by  all  variables  was 
often  small,  less  than  the  variability  of  the  day-to-day  moisture  measure- 
ments. The  requirement  for  prediction  of  net  moisture  content  in  surface 
layers  made  it  unnecessary  to  account  for  all  water,  such  as  runoff  or  that 
distributed  thro\ighout  a root  zone  or  soil  profile. 

Development 

3.  The  soil  moisture  prediction  method  was  developed  empiricedly 
from  daily  measurements  made  in  the  field.  At  the  start,  three  test  sites 
were  established  near  Vicksburg.  These  were  Instrumented  with  fiber  glass 
electrical-resistance  moisture  \uaits  spaced  at  3-in.  depths  and  with 
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weather  instnunents  for  measuring  rainfall,  air  temperature,  humidity ,_ 
wind  velocity,  and  pan  evaporation.  For  bottomland  sites,  water  table 
depth  and  stream  height  were  also  measured  daily.  Tlio  soil  was  sampled 
for  analysis  of  physical  properties,  and  periodic  strength  measurements 
were  made  to  establish  the  relation  between  moisture  content  and  strength. 
Observations  of  vegetative  development  were  made. 

4.  The  graph  of  moisture  content  versus  time  revealed  a consistent 
pattern  of  moisture  fluctuations  (fig.  l).  The  moisture  content  in  the 
layers  near  the  surface  jumped  up  on  days  with  rain,  and  went  down  at  a 
decreasing  rate  during  interrain  periods.  The  fluctuations  for  a given 
soil  were  confirm  oetween  high  and  low  moisture  content  levels.  These 
charae+'i  i.,c.ics  of  the  soil  moisture  record  are  the  basis  of  the  moisture 
prediction  method. 

tj.  The  high  moisture  level  is  called  the  field  maximum  moisture 
content.  It  is  the  reciirring  maximum  moisture  content  of  a soil  layer  in 
its  natural  position.  It  is  determined  by  selecting  the  recurring  peak 
value  of  moisture  content  from  the  moisture  record,  and  represents  the 
maximum  moisture  content  within  a day  after  rain.  The  low  moisture  level 
is  called  the  field  minimum  moisture  content.  It  is  the  recurring  minimum 
moisture  content  of  a soil  layer  in  its  natural  position  and  is  likewise 
selected  from  the  moisture  record, 

6.  Moisture  loss  from  a soil  layer  is  called  "depletion";  it  is 
caused  by  evapotranspiration  and  drainage.  No  attempt  is  made  to  distin- 
guish between  the  separate  effects  of  these  processes,  since  the  net  change 
in  moisture  content  is  of  primary  interest.  Examination  of  the  moisture 
record  of  a particular  site  shows  that  the  summer  and  winter  rates  of  loss 
in  the  interrain  periods  are  quite  different,  but  within  a season  they  are 
quite  similar.  The  interrain  portions  of  the  record  within  a season  are 
traced  off  as  a family  of  curve  segments,  and  a smooth  curve,  called  the 
depletion  curve,  is  drawn  through  the  family  (fig.  2).  Depletion  curves 
are  derived  by  seasons,  winter,  summer,  and  transition  (with  the  spring  and 
autumn  seasons  grouped  together  to  form  the  transition),  so  that  three 
curves  are  needed  for  each  layer.  The  two  ends  of  the  summer  depletion 
curve  represent  the  field  maximum  and  minimum  soil  moisture  contents. 
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7.  It  is  necessary  to  know  the  dates  when  one  season  ends  and  the 
next  begins,  in  order  to  know  which  seasonal  depletion  curve  to  use.  The 
dates,  called  "transition  dates,"  are  selected  from  the  moist\iro  record. 

8.  The  gain  in  moisture  content  is  called  "accretion,"  It  occurs 

with  rainfall,  but  studies  showed  that  a second  major  factor  also  governed 
the  net  gain.  This  was  the  amount  of  space  in  the  soil  layer  that  could 
take  up  more  water,  and  is  called  "available  storage."  It  is  the  numerical 
difference  between  the  field  maximum  moisture  content  and  the  moisture 
content  of  the  soil  layer  before  rainfall.  Accretion  is  divided  into  two 
classes:  Class  I when  rainfall  is  less  than  available  storage,  and  Class  II 

when  rainfall  is  eqvial  to  or  greater  than  available  storage.  The  classifi- 
cation is  made  considering  the  combined  available  storage  of  the  two  6-in. 
layers  (fig.  3)*  Following  classification,  the  accretions  are  treated 
separately  by  layers  for  each  class.  In  Class  I,  accretion  is  related  to 
rainfall,  in  Class  II,  to  available  storage  by  means  of  linear  regressions. 
Averages  of  accretion  data  for  small  rainfalls  showed  that  a net  loss 
occurred  rather  than  a gain,  A minimum  storm  was  established,  usually  at 
0.10  in,,  and  days  on  which  smaller  amounts  fell  were  treated  as  depletion 
days. 


Application 

9.  To  make  a prediction,  the  starting  moisture  contents  and  the 
rainfall  record  must  be  known  along  with  the  prediction  relations,  that 
is,  the  accretion  and  depletion  curves,  the  field  maximum  and  minimum 
values,  minimum  storm,  and  transition  dates.  With  this  information  in  hand, 
the  prediction  is  a simple  bookkeeping  system,  adding  water  on  rainfall 
days  using  accretion  relations  to  determine  the  amounts  to  add,  and  sub- 
tracting water  on  days  with  no  rain,  by  amounts  interpolated  from  the  de- 
pletion curves. 

10.  The  method  worked  for  the  sites  at  Vicksburg,  each  site  having 
separately  derived  prediction  relations.  Sites  were  then  established  at 
many  locations  throu^out  the  United  States,  including  Alaska  and  Hawaii, 
and  in  Puerto  Rico,  the  Canal  Zone,  and  other  places,  in  cooperation  with 
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various  agencies  and  universities,  'particularly  the  U.  S.  Forest  Service. 
The  method  worked  for  these  varied  locations,  again  each  site  having  its 
individually  derived  relations. 

11,  Predictions  made  during  the  year  of  record  from  which  the  accre- 
tion and  depletion  relations  were  derived  for  126  sites  gave  an  average 
deviation  between  predicted  and  measured  moisture  contents  of  +0.10  in, 
of  water  per  6- in.  soil  layer,  about  +1.5  percent  moisture  content  by 
weight. 


Prediction  Relations  for  Other  Influencing  Factors 

Water  table 

12,  On  occasion,  additions  or  changes  were  made  in  the  prediction 
relations  at  a specific  site  to  account  for  a soil-water  influence  not 
covered  in  the  relations  given  above.  A water  table  persisting  near  the 
soil  surface  posed  a problem  in  the  initial  study  at  Vicksburg,  Two  of  the 
three  sites  had  water  tables  that  fluctuated  near  the  soil  surface  during 
the  winter  season.  At  one  site.  Rifle,  the  water  table  drained  quickly. 

Any  drainage  effect  was  Incorporated  into  the  depletion  curves,  and  a pre- 
diction was  made  continuously  throu^out  the  record  with  reasonable  accuracy. 
At  the  second  water  table  site.  Mound,  the  water  table  did  not  drain  quickly. 
Occasionally  the  water  table  remained  near  the  ground  surface  for  some  days 
after  rainfall  and  depletion  did  not  occur  d\iring  these  periods.  To  make 

a prediction,  the  water  table  record  was  followed  as  well  as  the  rainfall 
record,  and  when  the  water  table  persisted  in  the  surface-to-12-in.  layer, 
depletion  was  suspended  and  the  moisture  content  was  maintained  at  the 
maximum.  The  need  for  relations  in  the  prediction  method  to  account  for 
influencing  water  tables  was  obvious, 

13.  In  the  second  year,  water  table  relations  were  developed  for 
the  Durden  site  at  U.  S.  Array  Engineer  Waterways  Experiment  Station  (WES), 
but  these  relations  were  dependent  on  the  changing  level  of  an  adjacent 
pond  and  could  not  be  adapted  for  general  application,  for  example,  to 
the  Mound  site  with  no  pond.  Another  approach  was  tried  for  the  initial 
Crossett  study  sites  and  others.  For  these  sites  the  depletion  curves 
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were  flattened  at  the  wet  end  for  the  average  number  of  days  that  the 
water  table  persisted  on  occasion  in  the  surface-to-12-in.  layer.  This 
modification  helped  the  prediction  during  winter  and  spring,  but  generated 
large  depletion  errors  in  the  summer  when  the  soil  wet  to  the  maximum 
without  a persisting  water  table.  These  flattened  curves  were  not  used  in 
subsequent  correlation  studies  of  depletion. 

14.  In  the  initial  Puerto  Rico  study,  smother  apuroach  was  used  for 
a perched  water  table  site.  After  the  field  maximum  was  reached,  the  mois- 
ture content  was  maintained  with  no  depletion  as  long  as  the  accumulative 
rainfall  for  3 preceding  days  exceeded  2.50  in.  This  modification  depended 
on  the  storage-drainage  characteristics  of  the  particular  site  and  could 
not  be  adapted  for  general  use.  Althou^  water  table  relations  were  incor- 
porated in  the  prediction  method  as  need  demanded  for  particular  sites,  no 
systematic  treatment  for  general  application  and  incorporation  in  the  pre- 
diction method  has  been  formulated.  Recent  work  on  water  table  relations 
will  be  given  in  a later  presentation. 

Designation  of  seasons 

15.  Another  change  found  necessary  in  the  prediction  relations  was 

the  designation  of  seasons  for  depletion  curves.  Usually,  in  the  temperate 
climates  three  seasons  were  used:  summer,  winter,  and  transition,  which 

combined  spring  and  autumn.  For  northern  Florida  and  California  sites, 
only  two  seasons  were  discernible  from  the  record.  At  tropical  sites  in 

an  insular  climate,  such  as  Puerto  Rico  and  elsewhere  in  the  Caribbean 
area,  and  in  Hawaii,  one  season  for  depletion  was  employed  throu^out  the 
year.  In  a recent  study  in  Thailand,  the  moisture  record  showed  two  seasons 
of  depletion  in  that  tropical  area. 

Storms  less  than  minimum 

16.  Another  change  fovind  necessary  at  some  sites  was  the  considera- 
tion of  storms  smaller  than  the  minimum.  The  summer  season  at  Fairbanks, 
Alaska,  has  many  small  rains  which  may  occur  as  a light  drizzle  or  mist 
during  much  of  the  day.  In  the  year  of  study,  195^,  75  days  with  rainfall 
were  recorded  from  May  through  September.  On  6l  of  the  rainfall  days,  the 
dally  amount  was  less  than  0.15  in.  The  minimum  storm  was  established  from 
data  averages  at  0.10  in.  However,  days  with  rainfall  of  0.05  to  0.10  in. 
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showed  no  measured  depletion  as  well  as  no  accretion,  so  the  prediction 
was  made  with  the  moisture  content  held  constant  on  those  days  having 
rainfall  of  0,05  to  0,10  in,  A similar  situation  was  anticipated  in  tropi- 
cal wet  climates  with  many  consecutive  days  of  rain.  However,  predictions 
with  no  depletion  on  days  below  the  minimum  storm  were  no  better  than  pre- 
dictions with  depletion  on  days  below  the  minimum  for  sites  tested  in  the 
initial  Puerto  Rico  study  and  in  Hawaii, 

Transition  depletion 

17,  Other  changes  in  the  prediction  method  were  explored,  but  have 
not  been  used  in  published  reports.  The  general  method  employs  a transi- 
tion depletion  curve  for  spring  and  autumn  for  which  the  rate  of  raoistvire 
loss  varies  by  moisture  content  but  at  a fixed  relation,  so  that  at  any 
given  moisture  level  the  rate  of  loss  remains  constant  throughout  the  tran- 
sition season.  There  is  some  basis  for  using  a fixed  transition  curve  as 
evidenced  in  the  rapidity  of  seasonal  change;  spring  '‘breaks  forth"  with  a 
thaw  and  rapid  bud  opening  and  vegetative  growth,  and  in  autumn  the  effect 
of  frost  on  vegetation  is  sudden  and  severe.  These  events  are  related  to 
surges  of  air  masses  which  have  a fairly  consistent  annual  pattern  as  shown 
in  weather  records.  On  the  other  hand,  gradual  changes  take  place  during 
the  progression  of  the  transition  season,  as  evidenced  by  continued  growth 
and  developnent  of  vegetation  in  the  spring,  and  by  the  differing  senescence 
and  frost  tolerance  by  species  with  cumulative  effects  in  the  autumn.  Pro- 
gressive change  is  also  shown  in  running  averages  of  solar  radiation,  air 
temperature,  and  other  weather  factors.  Predictions  were  made  with  progres- 
sive transition  depletion  relations,  for  which  the  loss  at  a given  moisture 
level  was  proportioned  between  that  of  winter  and  summer  as  the  transition 
season  progressed.  Results  for  78  sites  with  daily  data  showed  no  improve- 
ment in  terms  of  average  deviation  of  the  progressive  compared  to  the  fixed 
transition  depletion. 

Influence  of  nonvegetated  condition 

18,  In  general,  no  differences  co\ild  be  discerned  in  depletion 
curves  resulting  from  differences  in  the  vegetative  cover  at  the  test  site, 
such  as  grass  compared  to  trees.  The  lack  of  difference  was  attributed 

to  the  testing  of  surface  layers  only  which  had  sufficient  roots  regardless 
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of  the  plant  species.  No  tests  were  made  by  root  zones,  for  which  depletion 
differences  are  known  to  occur.  The  absence  of  plant  cover  resulted  in  a 
considerable  reduction  in  the  depletion  loss  of  the  6-  to  12-in.  layer,  but 
little  change  in  the  surface  to  6- in.  layer.  The  differences  were  shown  in 
bared  versus  vegetated  sites  at  various  places  in  the  United  States  emd  in 
a cultivation  test  at  Vicksburg.  Predictions  for  cultivated  areas  would 
require  a change  in  depletion  rates  during  the  time  that  the  area  is  bare, 
such  as  from  plowing  \mtil  the  crop  is  fully  established,  for  which  canopy 
closvjre  may  be  an  index. 

Influence  of  frost  etnd  thaw 

19.  Limited  studies  have  been  made  of  the  influence  of  the  frost 
period  and  eventual  thaw.  The  freezing  concentrates  water  as  ice  in  lenses 
and  grains  which,  upon  thawing,  results  in  a decrease  in  density  of  the 
surface  layers,  an  increase  in  water  content  above  the  usual  field  maximum 
moisture  content  of  the  summer  condition,  and  a low  strength.  The  tests 
showed  that  the  effect  may  be  of  short  duration,  lasting  a week  or  so,  but 
during  this  time  strength  can  be  critical.  Where  applicable,  the  pre- 
diction method  needs  to  account  for  the  thaw  influence. 
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PART  II:  TENTATIVE  AVERAGE  MOISTURE  mEDICTION  RELATIONS 


Approach 

20,  The  prediction  relations  described  thus  far  were  derived  from 
specific  sites  and  apply  only  to  these  sites  or  strictly  emalogous  ones  and 
therefore  have  a limited  utility.  Average  prediction  relations  were  desired 
for  application  to  areas  without  detailed  records.  A basis  was  needed  for 
grouping  values  for  averaging  and  then  for  selecting  a set  of  relations 
from  the  averages  for  application  to  an  area.  The  basis  for  averaging  may 
be  by  soil,  climate,  topography,  or  other  means,  and  it  follows  that  know- 
ledge of  these  characteristics  for  the  area  in  question  must  be  available 

in  order  to  make  proper  selections  fr<Mii  the  averages.  Correlation  studies 
were  made  among  the  sets  of  prediction  relations  and  site  characteristics 
for  the  sites  available  through  195^*  and  a set  of  tentative  average  re- 
lations was  derived  for  testing.  The  data  were  limited,  so  that  many 
characteristics  were  not  evaluated.  Nevertheless,  the  derivation  and 
application  of  an  interim  set  of  average  relations  were  considered  worth- 
while because  such  a set  would  serve  three  purposes: 

a.  It  would  show  the  possibilities  of  a general  moisture  pre- 
diction system  and  if  found  sufficiently  accurate,  the 
system,  could  be  used  immediately,  if  needed,  pending  a 
subsequent  improved  set  of  average  relations, 

b.  It  would  point  out  conditions,  not  covered  by  the  pre- 

” diction  development  sites,  needing  further  measurement  and 
study  to  improve  accuracy  of  the  prediction  system. 

c.  It  mi^t  show  that  the  average  prediction  relations  could 
be  adjusted  and  modified  to  fit  requirements  of  specific 
regions  or  conditions  to  improve  prediction  accuracy  with- 
out further  measurement. 

Derivations  of  Average  Prediction  Relations 
Field  maximum  moisture  content 

21.  Data  from  39  sites  were  used  in  the  evaluation  of  field  maxi- 
mum. Various  characteristics  of  the  soil  and  site  were  correlated  with 
the  field  maximum  values  by  graphical  and  numerical  means  for  each  6-in. 
layer.  Five  factors  were  selected  for  use,  including  sand,  clay,  and 
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organic  contents,  moisture  content  at  the  0.06-atm  soil  moisture  tension, 
and  wetness  index.  The  soil  factors  need  no  explanation.  The  wetness 
index  was  devised  for  this  study  to  evaluate  the  influence  of  site  char- 
acteristics on  the  potential  maximum  moisture  content.  Sites  were  classi- 
fied by  wetness  index  considering  two  factors,  the  maximum  height  of  the 
water  table  as  measured  in  a well  at  the  site,  and  the  depth  of  wetting  by 
rainfall.  The  classification  is  given  in  table  Al.  Wetness  index  2 
represents  the  well-drained  site  of  the  humid  region  that  is  wetted  to  a 
depth  greater  than  4 ft;  wetness  index  4 represents  the  waterlogged  site. 

It  should  be  pointed  out  that  the  index  is  not  a classification  of  water 
tables  since  it  does  not  consider  durations  or  fluctuations  of  the  water 
table,  but  only  considers  the  majcimum  wetting  from  rainfall  or  water  tables. 

22.  Equations  were  derived  for  approximating  the  field  maximum  from 
the  five  factors  using  the  multiple  regression  technique.  The  0.06-atm 
soil  moistixre  tension  value  correlated  best  as  a single  factor.  Multiple 
factor  equations  were  derived  with  and  without  soJl  moisture  tension  since 
measurements  of  this  factor  are  not  widely  available.  The  equations 

follow:  - j i X. 

Coefficient  of 

0-  to  6-in.  Layer  Determination 


Max  = -0.31  + 1.042  T 

Max  = 2.06  - 0.011  S + 0.1l6  OM  + 0.151  WI 
Max  = 0.68  - 0.006  3 + 0.077  WI  + 0.737  T 


0.73 

0.69 

0.81 


6-  to  12- in.  Layer 


Max  = 0.20  + 0.897  T 

Max  = 2.06  - 0.012  S + 0.008  C + 0.155  WI 

Max  = 0.83  - 0.006  s + 0.007  c + 0.134  WI  + 0.492  T 


0.63 

0.63 

0.79 


Where: 

3 = percent  sand 
C = percent  clay 

OM  = percent  organic  matter  content 
WI  = wetness  index 

T = moist\xre  content,  in.  per  6 in.  of  soil,  at  0.06-atm  tension 
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Field  minimum  moisture  content 


23.  The  averaging  for  field  minimum  moisture  content  followed  the 
procedures  used  for  field  maximum.  Multiple  regression  equations  were 
derived  from  data  on  59  sites  using  the  factors  of  clay  and  organic  contents 
and  wetness  index.  The  15-atm  moisture  tension  value,  \diich  approximates 
the  wilting  point,  would  have  contributed  in  the  equations  but  was  not  used 
since  limited  data  were  available  at  the  time.  The  equations  follow: 

0-  to  6-ln.  Layer 

Min  = -0.013  + 0.007  C + 0.074  OM  + 0.149  VH 
6“  to  12-ln.  Layer 

Min  = 0.131  + 0.017  C + 0.044  OM  + 0.II9  WI 

Where: 

C = percent  sand  ' 

OM  = percent  organic  matter  content 
WI  = wetness  index 

Depletion  relations 

24.  The  averaging  of  depletion  relations  was  done  using  data  on 
48  sites.  The  relations  expressed  as  curves  of  moisture  content  versus 
time  had  a variety  of  shapes  and  durations,  reflecting  differences  in 
rates  of  evapotranspiration  and  drainage  as  the  moisture  level  decreased. 

The  correlation  of  these  curves  presented  a problem.  No  simple  mathematical 
expression  was  found  that  would  fit  the  majority  of  the  curves  to  pro- 
vide coefficients  that  could  be  correlated  with  soil  and  site  factors.  By 
assembling  curves  into  families,  gross  differences  were  discerned  by  soil 
textural  groups;  sandy,  silty,  and  clayey  soils.  Subgrouping  by  other 
factors  could  not  be  done  because  there  were  too  few  sites  in  a group. 

For  example,  the  clay  group  had  only  three  sites  in  the  0-  to  6- in. 
layer  and  only  eight  sites  in  the  6-  to  12-in.  layer,  with  many  sites 
occurring  in  upland  positions  in  the  South.  Averages  of  moisture  loss  from 
the  field  maximum  were  calculated  at  time  intervals,  1-,  5-,  10-days,  etc., 
for  each  textural  group  by  season  and  soil  layer,  as  shown  in  fig.  4.  The 
average  curves  were  initiated  at  the  average  field  maximum  and  ended  after 
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Fig.  4a.  Curves  showing  average  moisture  loss  from  field  maximum, 
by  seasons  and  textural  groups,  in  surface  to  6-in.  layer 
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a period  of  40  or  50  days  at  an  average  minimum  of  those  curves  that  ex- 
tended to  this  time.  Few  sites  had  the  average  field  maximum  or  the  average 
range  between  maximvun  or  minimum.  Thus,  in  order  to  use  the  average  curves 
on  sites  with  differing  field  maxima  and  ranges,  two  assumptions  had  to  be 
made:  (a)  that  the  average  depletion  curve  could  be  shifted  higher  or  lower 

to  fit  an  estimated  field  maximum,  and  (b)  that  a curve  could  be  prorated 
over  a greater  or  lessr;r  range.  For  use  in  prediction,  average  depletion 
ciirves  are  adjusted  to  fit  estimated  field  maximum  and  minimum  values. 
Accretion  relations 

25.  Accretion  relations  were  derived  as  linear  regressions  vdiich 
provided  values  of  slope  and  intercept  that  were  amenable  to  correlation 
with  soil  and  site  factors.  Unfortunately,  no  correlations  were  apparent; 
any  grouping  showed  a variety  of  slopes.  Multiple  regressions  were  made 
using  individual  values  of  accretion  against  rainfall,  available  storage, 
and  various  soil  and  site  factors.  These  showed  no  correlation  except  with 
rainfall  and  available  storage,  the  original  accretion  factors.  The  gross 
textural  groupings,  sand,  silt,  and  clay,  used  for  depletion  showed  no 
differentiation  between  accretion  regressions.  So  average  regressions 
were  calculated  from  data  on  all  available  sites,  75  sites  for  class  I 

and  54  sites  for  class  II.  The  average  regressions  follow: 

Class  0-  to  6- in.  Layer  6-  to  12-in.  Layer 

I Y = 0.47X  - 0.01  Y = 0.22X  - 0.01 

II  Y = 0.75Z  - 0.05  Y = O.6OZ  - 0.02 

Where: 

Y = estimated  accretion,  in.  per  6-in.  layer 

X = rainfall,  in. 

Z = available  storage,  in.  per  6-in.  layer 
Minimum  storm 

26.  The  minimum  storm  was  determined  for  I06  sites.  The  size  of  the 
minimum  storm  varied  directly  with  the  density  of  vegetation  to  some  extent. 
This  was  expected  since  denser  vegetation  wovild  provide  greater  intercep- 
tion, requiring  more  rainfall  before  the  soil  was  wetted.  However,  89 
sites,  including  I6  bare  and  3I  forested,  had  a minimum  storm  of  0.10  in. 
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Therefore,  this  value  is  generally  used  with  the  tentative  average 
relations . 

Transition  dates 

27.  A method  for  selecting  transition  dates  was  not  devised  for  the 
average  relations.  The  values  determined  for  the  prediction  development 
sites  were  tabulated  for  use  as  a guide  in  selecting  dates  and  were  sup- 
plemented by  knowledge  of  the  test  sites  being  predicted. 

Other  factors 

28.  No  average  method  for  identification  of  or  allowance  for  per- 
sisting water  tables  was  devised.  Predictions  were  made  at  sites  with 
water  tables  as  though  none  was  present.  Bared  or  plowed  areas  were  pre- 
dicted as  though  fully  vegetated;  however,  test  sites  as  a rule  wore  lo- 
cated on  noncultivated  land.  The  designation  of  seasons  and  allowance  for 
storms  smaller  than  the  minimum  size  were  modified  on  the  basis  of  findings 
in  the  area  or  by  trial. 

Use  of  the  Tentative  Average  Relations 

29.  A prediction  is  made  with  average  relations  by  means  of  the 
same  procedures  discussed  earlier  for  specific  relations  derived  for  a 
particular  site.  The  same  computer  program  is  used  except  for  modifying 
values  for  accretion,  depletion,  field  maximum  and  minimum,  and  on 
occasion  season  and  minimum  storm. 

30.  A direct  chock  of  the  tentative  average  relations  was  made  with 
24  sites  used  in  the  derivation  of  the  average  relations,  giving  average 
deviations  for  predicted  minus  measured  values  of  O.13  in.  and  0.09  in.  for 
the  specific  relations,  and  0.26  in.  and  0,23  in.  for  the  tentative  average 
relations  in  the  0-  to  6-  and  6-  to  12-in.  layers,  respectively.  The 
deviations  are  roughly  equivalent  to  +1.5  percent  moisture  content  by 
weight  for  the  specific,  and  +3  percent  for  the  average  relations. 

31.  The  average  relations  wore  tested  further  on  60I  sites  located 
in  four  regions  of  the  United  States.  Rainfall  records  were  obtained  from 
the  nearest  official  weather  station  which  was  locateti  frexn  1 to  5 miles 
away  from  the  site.  Predictions  were  compared  with  results  of  gravimetric 
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moisture  S£ur5)les  taken  at  monthly  intervals.  Average  deviations  were 
0.33  in.  and  O.3I  in.  for  the  0-  to  6-in.  and  6-  to  12-in.  layers.  Sites 
with  water  tables,  witli  organic  content  above  4 percent,  or  with  clay 
soil  had  the  greatest  deviations,  indicating  that  the  average  relations 
needed  improvement  to  account  for  these  conditions. 

32.  The  tentative  average  relations  were  tested  next  on  the  data 
of  the  initial  Puerto  Rico  study  conducted  during  1955-56.  Average 
deviations  of  O.38  in.  and  0.39  in,  resulted  for  the  two  6-in,  layers, 
equivalent  to  about  +4.7  percent  moisture  content  by  weif^t.  The  major 
source  of  error  resulted  from  differences  in  shape  of  depletion  curves  and 
in  the  field  maximum  and  minimum  values  which  terminated  the  curves.  The 
need  for  improving  the  tentative  average  relations  was  obvious,  and  con- 
siderable effort  was  expended  to  improve  them.  Work  centered  on  equations 
for  field  maximum  and  minimum  values,  mathematical  fitting  and  correlation 
of  depletion  relations,  and  exploring  methods  for  estimating  transition 
dates.  The  plan  and  intent  were  the  development  of  improved  average 
relations  for  testing  with  the  subsequent  study  in  Hawaii,  Unfortunately 
results  were  largely  negative;  no  iii5)rovementc  in  average  relations  were 
accomplished,  althou^  some  results  were  obtained.  Equations  for  field 
maximum  and  minimum  were  derived  in  terms  of  soil  plasticity,  fines,  and 
other  factors,  but  the  accuracy  was  the  same  as  equations  with  sand,  clay, 
etc.,  for  sites  in  the  United  States  and  Puerto  Rico.  An  excellent 
mathematical  fit  was  found  for  the  varied  shapes  of  depletion  curves  using 
the  hyperbola  with  the  moisture-time  coordinates  expressed  as  logarithms. 

The  coefficients  did  not  correlate  well  with  soil  and  site  factors,  so  a 
systematic  set  of  relations  could  not  be  derived.  Factors  and  methods 
for  estimating  transition  dates  were  explored  in  detail,  but  no  single 
method  was  established  for  use.  Work  to  improve  the  average  relations 
practically  ceased  by  1962. 

33*  Scxne  applications  of  the  prediction  method  with  tentative  average 
relations  have  been  made  which  demonstrated  their  usefulness.  In  a study 
by  Campbell  and  Rich  of  the  U.  S.  Forest  Service,  moisture  prediction 
proved  to  be  superior  to  rainfall  amounts  in  correlat_ng  grass  growth  both 
within  and  between  years.  In  a study  by  Bassett  of  the  U.  S.  Forest 
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Service,  the  moisture  prediction  was  utilized  to  calculate  indexes  of 
potential  growth  which  correlated  hi^ly  with  measured  pine  timber  growth. 
The  method  was  adapted  by  the  U.  S.  Naval  Radiological  Defense  Laboratory 
for  use  in  the  prediction  of  induced  activity. 
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Table  A1 


Classification  of  Sites  by  Wetness  Index 


Wetness  Potential  Depth  to  Depth  of  General  Characteristics 
Index  Wetness  Water  Table  Wetting  of  Sites* 


0 Arid  Indeteralnable  Less  Located  in  desert  regions 

than 

1  ft 

1 Dry  Indeterminable  1-4  ft  Steeply  sloping,  denuded,  or 

severely  eroded  and  gul- 
lied, Mostly  semiarld  to 
arid  regions 

2 Average  More  than  4 ft  More  Well-drained  soil  with  no 

than  restricted  layers  or  pans; 

4 ft  fair  to  good  internal  and 
external  drainage.  Slope 
may  be  flat  to  steep 

3 Wet  1-4  ft  To  water  Soil  not  well  drained.  Re- 

table stricted  layers  or  deep 

pans  may  be  present.  May 
occur  at  base  of  slopes, 
on  terraces,  upland  flats, 
or  bottomlands 

4 Saturated  Less  than  1 ft  To  water  Sites  watei’logged  or  flooded 

table  at  least  part  of  year. 

Bottomlands  subject  to 
frequent  overflow.  Uplemd 
flats  with  poor  internal 
drainage  or  shallow  pans. 
Slopes  with  very  poor  in- 
ternal drainage 


! 

* For  use  in  classification  when  water  table  and  wetting  depths  are  not 
measured . ft- f ? 


t 


Contents 


Page 

Introduction  B1 

Prediction  Factor  Deficiencies B1 

Initial  moisture  content B1 

Field  maximum  and  field  minimum  moisture  contents B2 

Minimum  size  storm  B^ 

Daily  rainfall  B7 

Accretion  relations  B7 

Depletion  relations  Bll 

Other  Deficiencies  ........  B17 

Other  factors B17 

Time  period B17 

Accuracy  and  range  of  basic  data Bl8 

Natural  soil  variation  Bl8 

Interaction  of  prediction  factors B18 

New  Method Bl8 


Bill 


APmroiX  B;  EFFECTS  AND  DEFICIENCIES  OF  FACTORS  USED  IN 
WES  SOIL  MOISTURE  mEDICTION  SYSTEM 


Introduction 


1.  The  accuracy  of  predicting  soil  moisture  by  the  Waterways  Experi- 

ment Station  (WES)  method  is  dependent  upon  the  accuracy  of  the  factors 
used  in  the  method.  These  factors  are:  (a)  initial  moisture  content,  (b) 

field  maximum  moisture  content,  (c)  field  minimum  moisture  content,  (d)  min- 
imum size  storm,  (e)  daily  rainfall,  (f)  accretion  relations,  and  (g)  deple- 
tion relations.  Specific  and  average  factors  are  used.  Specific  factors 
are  those  developed  from  data  collected  at  a particular  (specific)  site 

and  are  used  for  predictions  at  that  site.  Average  factors  are  the  aver- 
age of  specific  factors  from  several  sites  and  are  used  for  predictions  at 
sites  where  the  specific  factors  are  not  known. 

2.  A comparison  of  predicted  and  measured  moisture  contents  has 
shown  average  deviations  of  ^.08  ar.d  ^.35  in.  per  6-in,  soil  layer 

and  +27  percent  of  the  soil  moisture  range  between  field  maximum  and 
minimum  moisture  content)  for  specific  and  average  factor  predictions, 
respectively,  when  measured  rainfall  is  \ised.  Because  deviations  smaller 
than  these  are  desired  and  in  some  cases  required  for  certain  military 
planning  piurposes,  a continuous  effort  is  being  directed  toward  improving 
the  accuracy  of  predictions.  As  part  of  this  effort  each  of  the  predic- 
tion factors  has  been  examined  in  detail.  The  purpose  of  this  paper  is 
to  examine  the  effects  of  each  factor  on  the  overall  accuracy  of  the  system 
and  to  point  out  some  deficiencies  which  were  uncovered  during  this  examina- 
tion. Ideally  the  effect  of  each  factor  is  best  examined  by  holding  all 
other  factors  constant  while  varying  the  one  of  interest.  To  the  maximum 
extent  feasible,  this  was  done.  Suggestions  for  improving  some  of  the 
factors  are  also  given. 

Prediction  Factor  Deficiencies 
Initial  moisture  content 

3.  The  use  of  cm  erroneous  initial  moisture  content  in  the 
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prediction  systan  vdll  result  in  an  error  in  the  predicted  moisture 
content.  The  amount  of  this  error  will  diminish  daily  for  a period 
ranging  from  1 to  6o  day?  until  the  error  no  longer  exists.  The  length 
of  the  period  depends  mainly  on  the  amount  of  error  in  the  Initial  mois- 
ture content  and  the  distribution  and  amoiint  of  rainfall.  The  effects 
of  these  conditions  are  illustrated  in  fig.  1.  Moistiure  predictions 
are  shown  for  four  different  hypothetical  cases.  Two  predictions  were 
made  for  each  test,  one  with  a high  and  the  other  with  a low  starting 
moisture  content;  all  other  factors  were  kept  constant.  In  the  four  cases 
the  predicted  and  actual  moisture  contents  merged  after  a period  ranging 
from  8 to  U?  days.  This  suggests  that  if  accurate  predictions  are  de- 
sired during  the  first  few  days,  the  initial  moisture  content  should  be 
acc\irate;  and  further,  that  if  accurate  predictions  are  desired  beyond 
30  days  the  initial  moisture  content  need  not  be  accurate. 

Field  maxlmiim  and  field 
minimum  moisture  contents 

U.  It  is  not  possible  to  vary  either  field  maximum  or  field  min- 
imum molstxire  contents  and  slmultcmeously  keep  depletion  curves  unchanged. 
In  order  to  arrive  at  an  estimate  of  the  effects  of  these  factors  on 
the  march  of  molstxire,  it  was  decided  to  change  both  values  the  same 
amount  in  the  same  direction  simultaneously.  In  fig.  2 the  solid  line 
(curve  l)  represents  a hypothetical  "accurate"  march  of  moisture  based 
on  the  rainfall  pattern  shown.  The  dashed  line  (curve  2)  indicates  the 
path  that  the  moisture  content  prediction  would  take  if  the  maximum  smd 
minimum  values  were  each  Increased  by  0,3  in.  The  shape  of  the  deple- 
tion curve  and  all  other  pertinent  factors  were  retained  constant. 

Vftille  it  is  not  possible  to  specify  exact  effects  of  the  "erroneous" 
field  maximum  and  minimum  values  (since  these  would  /ary  with  specific 
situations)  it  is  obvious  that  an  error  in  field  maximum  and  minimum 
values  will  produce  a significant  error  in  the  predicted  moisture  c<  • "lent 
values . 

5.  For  specific  sites,  the  field  maximum  and  the  field  minimum 
moisture  contents  are  derived  from  measured  data  and  therefore  are 
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Fig.  1.  Rainfall  and  predicted  moisture  content 
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Fig.  2.  Effect  of  shift  in  field  maximum  and  field 
minimum  with  other  factors  constant 


usually  accvirate.  For  other  sites  these  factors  must  be  estimated.  Equa- 
tions have  been  developed  for  estimating  these  factors  from  a knowledge 
of  the  percent  sand,  silt,  clay,  and  organic  ratter;  moisture  content 
at  0.06-atm  tension  of  the  soil;  and  site  wetness  characteristics  (ex- 
pressed as  wetness  index).  The  equations  developed  using  these  prop- 
erties explained  only  about  8o  percent  of  the  variation  of  the  two  fac- 
tors; therefore,  they  would  probably  not  be  very  accurate  when  applied 
to  soils  at  sites  other  than  those  from  vdiich  they  were  developed.  This 
was  found  to  be  true  when  they  were  applied  to  soils  in  Mississippi  and 
Oregon.  The  mean  absolute  deviations  between  measured  and  estimated 
field  maximum  and  field  minimum  moisture  contents  for  the  6-  to  12-in. 
soil  layer  were  0.l8  and  0.10  in.,  respectively.  When  applied  to  soils 
in  Colombia,  Costa  Rica,  and  Panama,  the  deviations  were  0,71  and  0.83 
in.  for  field  maximvim  and  field  minimum  moisture  contents,  respectively. 
This  indicates  that  these  equations  need  to  be  revised  if  more  accurate 
predictions  are  desired.  Because  the  eqxiations  require  knowledge  of  soil 
properties  often  more  difficvilt  to  obtain  or  estimate  than  the  field 
maxim\an  and  field  minim\mi  moisture  contents,  consideration  should  be 
given  to  the  possibility  of  developing  new  equations  with  properties 
that  can  easily  be  obtained  from  maps  or  by  remote  means. 

Minimum  size  storm 

6.  The  minimum  size  storm  is  the  smallest  daily  rainfall  amount  used 
in  moist\ire  prediction  for  a particular  soil-vegetation  condition.  Smaller 
storms  do  not  appreciably  wet  the  soil,  and  normal  depletion  occurs.  If 
detailed  rainfall  and  soil  moisture  content  data  are  available  for  a site, 
the  minimxan  size  storm  cem  be  easily  determined;  otherwise,  the  value  is 
usually  estimated  to  be  0.10  in.  The  influence  of  the  value  used  depends 
upon  the  nximber  of  storms  with  amounts  close  to  the  minimum  size,  because 

a small  error  in  estimating  this  size  could  result  in  a predicted  depletion 
when  accretion  actually  occurred,  or  vice  versa. 

7.  Fig.  3 illustrates  the  effect  of  an  erroneous  estimation  of  the 
minimum  size  storm.  The  rains  occurring  on  days  4,  5»  7>  8,  19,  and  20 
result  in  predicted  accretions  if  a minimum  size  storm  value  of  0.05  in.  is 
used;  depletions  are  predicted  if  a value  of  0.10  in.  is  used.  At  Panama 
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Fig.  3.  The  effect  of  minimum  size  storm 
on  predicted  soil  moistvire  content 


site  202  in  1962,  rainfalls  for  53  of  153  storms  were  less  than  0,15  in,; 
this  demonstrates  the  need  for  accurate  determinations  of  minimum  size 
storm  values. 

Daily  rainfall 

8,  The  accuracy  of  the  prediction  of  soil  raoistvire  content  depends 
directly  on  the  accuracy  of  the  determination  of  the  amount  of  rain  that 
falls  on  a site  in  a given  24-hr  period.  Fig.  4 illustrates  the  errors 
that  can  occur  in  predicted  soil  moisture  contents  directly  attributable 

to  differences  in  predicted  rainfall  amounts.  The  magnitudes  of  the  errors 
are  dependent  upon  the  rainfall  amounts  and  whether  the  rainfalls  are  con- 
sidered to  fall  in  the  class  I or  class  II  storm  categories  (see  paragraphs 
10  and  n).  In  general,  however,  errors  in  predicted  soil  moisture  contents 
will  be  in  the  same  direction  as  are  the  errors  in  predicted  rainfalls. 

9.  No  published  data  were  found  that  state  the  accuracy  with  which 
rainfall  can  be  forecast;  however,  it  is  generally  well  known  that  the  state- 
of-the-art  of  rainfall  forecasting  is  far  from  good,  especially  with  respect 
to  predictions  of  rainfall  amounts.  At  the  present  time,  predictions  of 
moisture  content,  using  the  WES  prediction  system,  are  more  valid  than 
predictions  of  rainfall  amount.  From  this  viewpoint,  at  least,  the  WES 
system,  with  all  its  imperfections,  appears  to  be  satisfactory. 

Accretion  relations 

10.  The  accretion  of  soil  moisture  depends  on  rainfall  and  available 
storage.  The  following  equations  are  used  for  predictions; 

Class  I,  Y = a + bX 
Class  II,  Y = a + bZ 

where ; 

Y = amount  of  accretion 

a and  b = constants 

X = amo\mt  of  rainfall 

Z = available  storage  of  the  6-in.  soil  layer 

11.  The  class  I equation  is  used  when  the  daily  rainfall  is  less 
than  the  available  storage  in  the  0-  to  12-in.  soil  layer.  The  class  II 
equation  is  used  the  rest  of  the  time.  For  sites  where  specific  factors 
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Fig.  4.  The  effect  of  erroneous  rainfall  values  (measured  or 
predicted)  on  predicted  soil  moisture  content 
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are  used,  the  constants  a and  b are  determined  from  data  collected  at 
the  site  to  which  they  are  applied.  For  other  sites  where  specific  data 
are  not  available,  the  values  of  the  constants  a and  b are  averaged 
from  data  for  132  sites  located  in  the  United  States  (U.  S.).  These  U.  S. 
average  constants  are  shown  in  the  equations  as  follows: 


Class 


Surface  to  6-in. 
Soil  Layer 


Y = -0.01  + 0.4?X 

Y = -0.05  + 0.75Z 


6-  to  12-in. 
Soil  Layer 

Y = -0.01  + 0.22X 

Y = -0.02  + 0.60Z 


12.  Use  of  these  equations  would  produce  errors  in  predicted  mois- 
ture contents  if  the  form  of  the  equation  or  the  equation  constsuits  were  in 
error.  The  constants,  for  specific  sites,  were  derived  from  measured  data 
and  therefore  are  fairly  reliable.  The  average  constants  by  the  nature  of 
their  derivation  would  be  less  reliable.  In  order  to  determine  if  the  form 
of  the  equation  is  correct,  the  accretion-rainfall  relation  was  determined 
for  several  soils  using  the  U.  S.  average  constants  in  the  equations.  The 
relations  for  two  different  tests  are  shown  in  fig.  5. 

13.  The  figure  shows  no  accretion  below  a minimum  size  storm,  and  a 
lack  of  continuity  of  the  accretion  line  when  progressing  from  class  I to 
class  II  accretions.  Tests  of  the  prediction  method  indicated  that  these 
assumptions  were  incorrect  and  that  a new  equation  was  needed  to  define 
accretion.  Accordingly  a new  equation  was  developed  as  follows: 


= R - (R  - M^)  e' 


where: 


= moisture  content  above  field  minimum  following  the  rainstorm 
R = moisture  content  range  between  field  maximum  and  minimum 
= moisture  content  above  field  minim\m  preceding  the  rainstorm 
e = 2.718 

k = accretion  constant  (O.60  for  U.  S.  average) 
r = rainfall  factor 
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Fig.  5.  Accretion  versus  rainfall 
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l4.  The  new  and  old  eqviations  are  shown  graphically  in  fig.  6.  The 
new  equation  has  been  used  on  sites  in  Costa  Rica  and  indications  are  that 
it  provides  more  accurate  moistvire  predictions  than  the  old  equation. 


I«v  r«l«tl 


0-  to  6-iB.** 


I I 

i i 


Old  roUtlon 


’6-  to  12-in. 


Soil  moisture  range  . . . 
Available  storage  prior 
to  rains:  torm 


Rainfall,  in. 

Soil  Layer 

0-  to  6-in.  6-  io  12-inr 

1.50  1.00 


Fig.  6.  Old  and  new  accretion  relations 
Depletion  relations 

15.  Depletion  (moisture  loss)  is  due  to  evaporation,  transpiration, 
and  drainage.  The  rate  of  depletion  is  controlled  primarily  by  the  effect 
of  weather  (ambient  temperature,  day  length,  humidity,  wind  velocity,  etc.) 
on  evaporation  and  transpiration  and  the  amount  of  moistvire  above  field 
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miniraum  raoistxire  content.  Three  seasons  are  employed  in  the  prediction: 
summer,  transition,  and  winter.  The  amount  of  moisture  in  the  soil  at  any 
given  time  is  related  to  the  textural  properties  of  the  soil.  Therefore, 
to  make  a prediction  it  is  necessary  to  measure  or  estimate  the  textural 
properties  of  the  soil  and  to  know  the  season  of  the  year. 

16.  The  most  accurate  depletion  relations  are  the  specific  relations 
for  a site.  These  are  derived  from  interrain  portions  of  a daily  graph  of 
measvired  soil  moisture  contents  for  a given  soil  layer  and  season.  Typical 
depletion  relations  are  shown  in  fig.  7.  On  the  left  of  this  figure  the 
derivation  of  a single  depletion  curve  from  a family  of  eight  actual  deple- 
tion curves  is  shown  for  the  summer  season.  The  deviation  of  each  of  the 
individual  curves  from  the  derived  cvirve  indicates  that  some  error  in 
prediction  will  likely  occur  when  the  derived  curve  is  used  for  prediction 
at  this  site.  The  evurves  shown  on  the  right  in  fig.  7 are  the  derived 
curves  for  each  season.  The  greatest  source  of  error  involved  in  using 
these  curves  for  predictions  occixrs  with  a change  in  season,  which  results 
in  an  abrupt  change  in  depletion.  Relative  depletion  rates  by  seasons 

for  a typical  prediction  are  shown  in  fig,  8,  Note  that  the  predicted 
rate  is  constant  for  a season  and  that  the  change  is  abrupt  vath  a change 
in  seasons.  The  curved  line  on  this  figiure,  which  was  drawn  to  average 
the  abrupt  changes  with  seasons,  probably  is  closer  to  the  actual  depletion 
rate.  It  is  also  highly  probable  that  day-to-day  variations  in  weather 
would  result  in  changes  of  small  magnitude  above  and  below  this  averaged 
curve , 

17.  The  prediction  system  does  not  employ  an  established  procedure 
for  the  determination  of  the  day  when  seasonal  changes  in  depletion  should 
be  made.  This  determination  is  left  to  the  judgment  of  the  user  based  on 
climatic  and  vegetational  changes  and  reference  to  a table  listing  some 
observed  transition  dates  at  several  locations  in  the  U.  S.  A few  years 
ago  a tentative  method  was  developed  for  selection  of  the  day  for  each 
seasonal  change  based  on  climate,  soil,  topographic  position,  and  vegeta- 
tion. It  is  believed  that  use  of  this  method  would  result  in  more  accurate 
moisture  predictions, 

18.  The  moisture  prediction  system  could  also  be  improved  by 
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Fig.  7.  Specific  depletion  curves 


Month  and  season  of  depletion 
Fig.  8.  Relative  depletion  rates 
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considering  other  environmental  factors  in  the  determination  of  a seasonal 
depletion  rate.  Weather  factors  that  might  be  considered  include  tempera- 
ture, humidity,  wind  velocity,  rainfall  less  than  minimum  size  storm,  and 
length  of  day.  Vegetation  factors  that  might  be  considered  include  species, 
density,  stage  of  growth,  and  physical  characteristics  of  the  plants. 

Soil  factors  that  might  be  considered  include  available  soil  moisture  above 
field  minimum,  soil  moistvire  range  between  field  maximum  and  field  minimum, 
and  topographic  position. 

19.  Average  depletion  relations  for  the  temperate  zones  of  the  U.  S. 
have  been  derived  from  the  0-  to  6-in,  and  the  6-  to  12-in.  soil  layer  for 
sand,  silt,  and  clay.  Sets  of  relations  were  developed  for  each  season 
(winter,  summer,  and  transition).  These  relations,  with  adjustment  of 
summer  curves  for  measured  or  estimated  ranges  between  field  maximum  and 
field  minimum  moisture  content,  are  used  in  the  prediction  method  when 
specific  depletion  relations  are  not  available.  The  average  depletion 
cvirves  are  shown  in  fig.  9.  The  accuracy  of  the  curves  was  checked  by 
comparing  the  values  from  the  average  curve  with  the  values  from  each  of 
the  specific  curves  used  in  the  development  of  the  average  curve.  The 
mean  absolute  deviations  of  the  average  curve  from  the  specific  c\irve  after 
10  days  of  depletion  from  field  maximum  moisture  content  for  the  6-  to 
12-in.  soil  layer  for  the  sxanmer,  winter,  and  transition  seasons  were 
0.24,  0.10,  and  O.15  in.,  respectively.  If  the  average  curve  had  been 
compared  with  sites  other  than  those  used  in  its  development  the  deviation 
would  have  been  greater, 

20.  Using  field  minimum  moistrjre  content  as  a common  origin,  average 
summer  and  winter  curves  from  fig.  9 were  superimposed  over  each  other 
(fig.  10),  A comjmrison  of  these  curves  shows  a remarkably  small  deviation 
between  them  and  between  an  average  curve  derived  from  the  individual 
curves.  This  indicates  that  the  primary  factor  influencing  soil  moistvire 
depletion  is  the  amount  of  moisture  above  a seasonal  field  minimum  moisture 
content.  The  average  curve  may  be  defined  by  the  following  equation: 
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Fig,  10.  Comparison  of  depletion  curves 
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final  moisture  content  above  field  minimum 
initial  moisture  content  above  field  minimum 
2.718 


k = depletion  coefficient  (0,09  for  U.  S.  average  curve) 
t = time  between  rainstorms  in  days 
For  one  day  of  depletion,  the  equation  simplifies  to: 


M = 9 percent 
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21.  In  the  equation,  the  depletion  coefficient  k may  be  held 
constant  for  the  entire  year,  in  which  case  the  field  minimum  values  would 
change  with  the  season;  or  the  coefficient  k may  vary  with  seasonal  or 
daily  changes  in  weather,  in  which  case  the  field  minimum  values  would 
always  be  constant.  Use  of  the  latter  method  would  be  more  advantageous 
because  it  can  easily  be  programmed  for  the  computer  analysis.  A computer 
program  is  now  being  prepared  to  check  the  method  in  zones  where  changes 
in  climate  during  the  year  have  an  appreciable  influence  upon  depletion. 

The  method  has  already  been  checked  in  the  tropics  where  seasonal  changes 
do  not  have  an  appreciable  influence  on  rate  of  depletion  and  has  been 
found  to  provide  more  acciirate  moistiore  predictions  than  the  present  method 
(using  average  seasonal  ciurves). 

22.  It  is  proposed,  therefore,  that  the  new  equation  with  a variable 
coefficient  be  developed  and  used  in  lieu  of  the  existing  depletion  method. 

Other  Deficiencies 


23.  Deficiencies  of  the  moisture  prediction  method  that  are  common 
to  all  prediction  factors  or  have  a nonfactor-connected  influence  on  pre- 
diction accuracy  are  discussed  in  this  section  of  the  paper. 

Other  factors 

24.  Probably  the  greatest  deficiency  of  the  prediction  method  is 
that  not  all  of  the  factors  influencing  soil  moisture  balance  are  con- 
sidered. For  example,  such  factors  as  sxirface  air  flow,  vegetation  species 
and  structure,  heat  flux,  and  others  are  not  considered. 

Time  period 

25.  Means  are  not  available  for  predicting  the  soil  moisture  con- 
tent at  a particxxlar  time  of  the  day.  The  selection  of  a 24-hr  time  period 
between  predictions  imposes  a serious  limitation  on  the  utility  of  the 
method.  The  24-hr  prediction  period  also  does  not  permit  consideration  of 
rainfall  intensity  on  accretion,  and  does  not  allow  for  accretion  and 
depletion  on  a day  with  a short  period  of  rain  followed  by  a long  period  of 
sunshine. 
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Accxiracy  and  range  of  basic  data 

26.  The  development  of  a more  accurate  prediction  method  has  been 
limited  by  the  questionable  accuracy  of  some  of  the  basic  data  and  by  the 
limited  number  of  environmental  factors  used  in  the  development  of  the 
prediction  relations.  At  most  of  the  data  collection  sites  the  number  of 
samples  taken  was  insufficient  to  determine  the  true  statistical  mean  of 
each  factor. 

Natural  soil  variation 

27.  One  possible  deterrent  to  increasing  the  accuracy  of  the  pre- 
dictions is  the  amount  of  natural  variation  within  a soil.  This  subject 
has  been  discussed  in  another  paper.*  However,  it  is  worthy  of  mention 
here  that  this  variation  miglit  be  as  high  as  25  percent  of  the  average 
value  of  a soil  factor  within  an  area  the  size  of  a vehicle. 

Interaction  of  prediction  factors 

28.  As  the  final  predicted  moisture  content  is  the  net  result  of 
the  surunation  of  the  effect  of  each  of  the  factors  entering  into  a pre- 
diction, the  interaction  of  these  factors  exerts  an  important  influence 

on  the  accuracy  of  the  prediction.  For  example,  a certain  erroneous  factor 
might  cause  the  predicted  moisture  content  to  be  increased,  whereas  error 
in  another  factor  might  cause  it  to  be  decreased,  each  factor  thereby 
offsetting  the  other's  error.  Thus,  the  errors  involved  in  any  one  factor 
are  often  reduced  in  effect.  However,  the  opposite  sometimes  occurs. 

New  Method 


29.  This  investigation  has  shown  how  each  of  the  prediction  factors 
influences  the  accuracy  of  a prediction  and  has  revealed  some  serious 
deficiencies  in  the  present  method  of  prediction.  Some  suggestions  have 
been  given  for  improving  accuracy  of  prediction.  The  Improvements  may  be 
incorporated  into  the  method.  However,  in  view  of  the  deficiencies  of  the 
present  factors  and  prediction  method,  and  the  possibility  that  no  amount 

* Appendix  E of  this  report  entitled  "influence  of  Soil  Variability  on 
Soil  Moisture  and  Soil  Strength  Predictions,"  by  H.  D.  Molthan. 
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of  work  within  the  confining  limitations  of  the  method  will  improve  it  to 
the  accuracy  needed  for  practical  application  in  trafficability  prediction, 
it  is  suggested  that  a new  method  be  developed.  The  procedures  of  the 
present  method  have  merit  and  should  be  used  to  guide  this  development. 

An  appreciable  amount  of  information  on  factors  known  or  suspected  to  have 
an  influence  on  the  soil-water  balance  should  be  collected  over  a wide 
range  of  environmental  conditions  at  various  intervals  and  times.  New 
data-coUection  methods  and  equipment  should  be  devised  for  use  in  de- 
veloping and  testing  this  new  method.  The  relations  of  factors  to  moisture 
content  shoiild  be  tested  in  the  laboratory  and  the  field.  The  amount  of 
natural  variation  of  moisture  that  can  be  expected  to  occur  from  point  to 
point  in  a soil  shovild  be  measured  and  characterized  so  that  it  may  be 
used  as  a guide  in  the  development  of  the  method.  The  method  should  be 
as  simple  as  possible  and  yet  capable  of  predicting  moisture  content  as 
accurately  as  required  for  all  pertinent  military  activities. 
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APPENDIX  C;  A TENTATIVE  SOIL  STRENGTH  IREDICTIOK  SYSTEM 


PART  I:  INTRODUCTION 


Background 


1.  The  Waterways  Experiment  Station  was  requested  by  the  Engineer 
Board  in  19^5  to  assist  in  developing  procedures  for  measuring  soil  traf- 
ficability  in  order  that  the  off-road  performance  of  military  vehicles  could 
be  predicted.  In  response  to  this  and  succeeding  requests,  several  test 
programs  designed  to  establish  soil-vehicle  performeuice  relations  were  con- 
ducted. Some  of  the  results  of  tests  on  soils  with  fines  (for  purposes 
of  this  paper,  soils  with  fines  Include  both  fine-grained  soils  and  sands 
with  fines,  poorly  drained)  are  discussed  in  the  following  subparagraphs. 

a.  A trafflcable  soil  condition  wsis  defined  as  one  which 
~ permits  Uo-90  passes,  with  stopping  if  necessary,  of  a 

given  vehicle  operating  at  slow  speeds  in  the  same  ruts. 

This  condition  also  allows  the  vehicle  to  enter  the  area, 
stop,  back  out  of  the  ruts  while  turning,  and  retreat  from 
the  area. 

b.  The  6-  to  12-in.*  soil  layer  was  found  to  be  the  critical 
” layer  in  that  its  strength  is  a primary  factor  governing 

the  performance  of  most  military  vehicles,  performance  being 
evaluated  on  the  basis  of  a vehicle's  capability  of  complet- 
ing 4o-^0  passes. 

c.  For  prepared  soils,  consistent  relations  were  found  to 
” exist  between  the  cone  index  of  the  critical  layer  and 

vehicle  performance. 

d.  For  natural  soils,  it  was  found  that  soil  strength  may 
change  with  traffic  due  to  remolding,  and  that  the  remolded 
strength  (rating  cone  index)  of  the  critical  layer  is  the 
prlmeuy  factor  governing  vehicle  performance. 

e.  For  every  vehicle  tested,  a characteristic  minimum  rating 
” cone  index  (vehicle  cone  index)  was  found  to  exist  below 

which  the  vehicle  could  not  conqplete  40-^0  puses.  Vehicle 
cone  index  Is  dependent  upon,  and  can  be  estimated  ftom, 
vehicle  parameters  but  is  independent  of  soil  factors.  A 
condensed  tabulation  of  vehicle  cone  indexes  of  standard 
military  vehicles  is  given  below. 
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Vehicle  Cone 
Index  Range 

20-29 
30-49 
50-59 

60-69 

70-79 
80-99 

100  or  greater 

In  short,  therefore,  the  original  request  of  the  Engineer  Board  was 
satisfied,  i.e,,  a procedure  for  measuring  the  trafficabllity  of  soils 
was  developed, 

2,  Recently,  investigations  have  been  made  into  the  one-pass  per- 
formance of  vehicles  on  fine-grained  soils.  Results  are  not  conclusive. 

In  accordance  with  the  40-50  pass  criteria,  however,  the  results  indicate 
that  the  capability  of  a vehicle  for  completing  one  pass  on  a given  soil, 
providing  auiequate  traction  capacity  exists,  is  dependent  upon  the  cone 
index  of  the  soil  corrected  for  remolding  effects.  The  results  indicate 
that  the  critical  layer  concept  may  have  to  be  modified  somewhat  for  one- 
pass  performance. 

3.  At  the  request  of  the  Corps  of  Engineers,  a study  was  initiated 
in  1951  by  the  Forest  Service,  USDA,  to  develop  a method  for  predicting  the 
moisture  content  of  the  6-  to  12-in.  soil  layer.  Specifications  were  that 
the  method  be  slsq>le  enough  to  permit  its  use  by  nontechnical  personnel 
and  that  it  be  based  on  data  readily  available  or  easily  obtainable  in  the 


Vehicles 


The  M29  weasel,  M76  otter,  and  Canadian  snowmobile  are 
the  only  known  standard  vehicles  in  this  category 

Engineer  and  hi-speed  tractors  with  comparatively  wide 
tracks  and  low  contact  pressures 

Tractors  with  average  contact  pressures,  tanks  with  com- 
paratively low  contact  pressures,  and  some  trailed 
vehicles  with  very  low  contact  pressures 

Most  medium  tanks,  tractors  with  high  contact  press\ires, 
and  all-wheel-drive  tmeks  and  trailed  vehicles  with 
low  contact  pressures 

Most  all-wheel-drive  trucks,  a great  number  of  trailed 
vehicles,  and  hea-vy  tanks 

A great  number  of  all-wheel-drive  and  rear-wheel-drive 
tinicks,  and  trailed  vehicles  intended  primarily  for 
highway  use 

Rear-wheel-drive  vehicles  and  others  that  generally  are 
not  expected  to  operate  off  roads,  especially  in  wet 
soils 
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field.  A method  was  developed  in  the  following  years  and  was  reported  in 

1954.* 

4.  Coincident  with  the  development  of  a moisture  prediction  system, 
attempts  were  being  made  to  establish  relations  between  soil  strength  and 
other  soil  and  site  factors.  It  was  felt  that  such  relations  could  be  used 
in  conjunction  with  the  moisture  prediction  system  to  forecast  soil  traffic- 
ability.  Significant  progress  has  been  made  in  this  study. 

Purpose 

5.  The  p\irpose  of  this  paper  is  to  present  those  relations  which  have 
been  established  between  rating  cone  index  and  soil  and  site  factors  and 

to  show  how  these  relations  can  be  used  to  predict  soil  trafficability 
strength. 


6.  As  indicated  in  previous  paragraphs,  the  WES  procedures  require 
some  measure  of  the  remolded  soil  strength  of  an  area  if  an  estimation  of  a 
vehicle's  performance  in  terms  of  passes  completed  on  that  area  is  to  be 
made.  In  the  study  from  which  the  data  in  this  paper  were  obtained,  two 
methods  for  predicting  rating  cone  index  were  presented.  One  used  both 
cone  index  aind  remolding  index  relations  with  soil  and  site  factors,  while 
the  other  used  rating  cone  index  relations  with  soil  and  site  factors. 

Only  information  pertaining  to  the  latter  method  is  included  herein. 

7.  When  the  original  study  was  initiated,  data  from  U6  test  sites 

were  available.  However,  data  from  only  38  sites  were  used  in  developing 
a system  for  predicting  rating  cone  index.  Data  from  the  remaining  sites 
were  not  used  for  one  or  more  of  the  following  reasons:  (a)  less  than 

five  rating  cone  index-moisture  content  (RCI-MO)  values  were  available 

for  analysis,  (b)  the  range  of  RCI  values  was  too  small,  and  (c)  the  RCI-^K; 


* U.  S.  Army  Engineer  Waterways  Experiment  Station,  CE,  Forecasting  Traf- 
ficability of  Soils;  The  Develoiment  of  Methods  for  Predicting  Soil  Mois- 
ture Content.  Technical  Memorandum  No.  3-331 1 Report  3«  vols  1-3  and 
appendix,  Vicksburg,  Miss.,  October  1954. 


C3 


relation  was  not  statistically  significant  at  the  0.05  level. 

8.  Of  the  38  sites  noted  above,  13  were  in  the  southeastern  sector 
of  the  Continental  United  States  (CONUS ),  17  in  the  remaining  sectors  of 
CONUS,  3 in  Alaska,  3 in  Puerto  Rico,  and  2 in  Panama.  A total  of  5 to 
53  san5)ling  visits  were  made  to  each  site.  Differences  existed  in  site 
areas  and  sampling  intensities  for  soil  strength  and  soil  moisture  content, 
as  illustrated  below. 

Site 

No.  of  Area 

Sites  sq  ft 

25  72 

5 440 

5 784 

1 1600 

2 1600 

Differences  such  as  those  shown  above  are  important.  Although  generally 
not  considered  in  the  analysis  in  terms  of  their  effects  on  the  vexiance 
of  strength,  they  should  be  recognized  in  the  interpretation  of  results. 

All  relations  herein  were  derived  on  the  basis  of  data  taken 
from  the  6-  to  12-in.  layer  and,  therefore,  apply  only  to  that  layer. 

10.  Linear  regression  techniques  were  used  extensively  in  the 
analysis.  Because  transformations  of  the  dependent  variables  were  some- 
times made,  relations  were  evaluated  in  terms  of  deviations  of  the  un- 
transformed dependent  variables  as  well  as  in  terms  of  statistical 
measures.  Multiple  factor  relations  were  used  to  predict  rating  cone  Index 
at  sites  for  which  data  existed  at  the  time  the  original  study  was  made  but 
which  could  not  be  used  in  the  derivation  of  the  relations.  These  relations 
were  aJ.so  evalxiated  in  terms  of  predicted  rating  cone  index  deviations. 
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PART  II:  DEVELOBENT  OF  THE  SYSTEM 


Rating  Cone  Index-Soil  Moisture  Content  Relations 

11.  For  inorganic  soils  with  fines  rating  cone  index  (RCI)  decreases 
as  soil  moisture  content  (MC)  increases.  A standard,  mathematical  equation 
which  adequately  defines  this  trend  by  sites  is  desirable  if  differences 
in  trends  between  sites  are  to  be  qxiantitatively  related  to  soil  and  site 
factors . 

12.  Field  data  are  usually  scattered  to  the  extent  that  the  curve 
best  defining  the  RCI-MC  trend  is  not  always  apparent.  However,  the  trend 
between  cone  index  (Cl)  and  soil  moisture  content  in  laboratory  studies  on 
processed  soils  can  generally  be  well  defined  by  a logarithmic  equation  of 
the  form 


logj^Q  Cl  = a - b log^Q  MC 

Although  the  remolding  tost  probably  does  not  duplicate  the  laboratory 
processing  of  soils,  which  involves  the  removal  of  stones  and  roots, 
thoroxigh  mixing,  etc.,  it  can  be  assumed  that  the  two  processes  are 
analogous . 

Derivation  of  rating  cone 
index-soil  moisture  content  relations 

13.  The  logarithmic  equation  in  paragraph  12  was  fitted  to  the 
RCI-MC  data  on  a site  basis;  simple  linear  regression  (least  squares) 
techniques  were  used  to  compute  the  equations.  Of  the  80  sites  for  which 
three  or  more  RCI-MC  data  points  were  available,  42  of  the  relations  were 
significemt  at  or  above  the  0,05?  level. 

14.  In  a simple  linear  regression  analysis  the  sum  of  the  squares 
of  the  deviations  of  the  dependent  variable  from  the  computed  line  is 
minimized.  However,  the  method  favors  the  mean  in  that  high  values  are 
estimated  low,  and  low  values  are  estimated  high;  this  proved  to  be  true 
for  the  derived  RCI -J  1C  relations.  Hence,  new  relations  were  computed 
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using  the  reduced  major  axis  procedure  for  determining  slope  (b)  values, 

i.e.,  b «\/b  7b  . Results  indicated  that  these  relations  fitted  the 
* Y y*x'  x.y 

data  veil. 

15.  Of  the  42  sites  for  which  RCI-MC  relations  were  significant  at 
or  above  the  0,05  level,  only  38  were  selected  for  further  use.  The  other 
four  sites  were  not  used  because  less  than  five  RCI-MC  values  were  avail- 
able for  analysis  and/or  the  range  of  RCI  values  was  too  small.  If  one 
assumes  that  the  prediction  relations  derived  from  data  taken  at  these 

38  sites  are  generally  applicable,  one  must  also  assume  that  similar  re- 
lations exist  for  the  sites  not  used  in  the  derivations. 

Rating  cone  index 
measurement  accuracy 

16.  Certain  levels  of  RCI  are  of  far  greater  importance  than  others 
in  regard  to  their  effect  on  vehicle  performance.  Since  most  military 
vehicles  can  operate  on  soils  having  RCI's  of  120  or  greater,  the  greatest 
concern  is  with  accuracies  of  measuring  and  predicting  RCI  below  this 
level, 

17.  The  following  tabulation  shows  deviations  of  measured  rating 
cone  index  (MRCI)  from  specific  rating  cone  index  (SRCl)  (RCI-MC  curve 
values)  by  progressive  increments  of  SRCI;  observations  were  included 
in  the  analysis. 


SRCI 

No.  of 

Average 

Algebraic 

Average 

Absolute 

standard 

Increments 

Data  Points 

Deviation 

Deviation 

Deviation 

10-19 

5 

+4 

5 

7 

20-29 

12 

+3 

6 

11 

30-39 

28 

+4 

10 

13 

40-49 

45 

t7 

11 

15 

50-59 

50 

+8 

13 

18 

60-69 

4o 

+6 

13 

23 

70-79 

52 

+1 

16 

21 

80-89 

26 

+12 

29 

47 

90-99 

60 

+2 

16 

25 

100-109 

44 

+5 

24 

il 

110-119 

19 

-3 

24 

29 

Total 

381 

Arithmetic 

weighted 

average 

+5 

16 

23 
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The  data  indicate  that  the  logarithmic,  reduced  major  axis  relations 
fit  the  RCI-MC  data  well.  Although  there  are  small  algebraic  deviations 
resulting  from  the  transformation  of  GI  to  CI  , they  show  no  trend 

throughout  the  range  of  data. 

18.  The  average  absolute  ajid  standard  deviations  for  the  complete 
range  of  data  are  approximately  l6  and  23  units,  respectively.  The  devia- 
tions generally  increase  with  an  increase  in  the  SRCI  level. 

19.  With  the  analysis  used  it  was  automatically  assumed  that  no 
ei-rors  existed  in  the  measured  soil  moisture  content  (MMG)  values.  This, 
undoubtedly,  was  not  the  case.  Regardless,  however,  of  what  errors  are 
involved,  the  deviations  noted  in  the  above  paragraph  show  how  accurately 
MRCI  depicts  SRCI  (see  paragraphs  8 and  15). 

Rating  Cone  Index-Soil  Moisture  Content 
Equation  Constants 

20.  The  computed  RCI-MC  curves  produce  straight  lines  if  plotted  on 
logarithmic  graph  paper.  The  equation  for  a straight  line  can  be  computed 
if  the  coordinates  of  two  points  on  the  line,  or  if  the  coordinates  of  one 
point  on  the  line  and  the  slope  of  the  line  are  known.  Likewise,  if  an 
accxxrate  estimate  of  any  two  of  the  above  noted  constants  can  be  made,  the 
results  will  be  an  accurate  estimate  o"'  the  Line. 

21.  From  fig.  L an  important  fact  is  indicated;  curves  showing  the 
RCI-MC  relations  shift  to  higher  MC  values  as  soil  moisture  holding  capacity 
(as  Indicated  by  field  maximum  moisture  content)  increases.  This  suggests 
that  the  ixjsition  of  the  RCI-MC  curves  with  respect  to  the  IC  ordinate 
should  be  related  to  other  soil  properties. 

22.  To  test  this  hypothesis,  moisture  contents  at  the  100  and  200 
RCI  levels  were  computed  from  the  RCI-MC  equations,  and  attempts  were  made 
to  establish  relations  between  these  equation  constants  and  other  soil  and 
site  factors.  Although  the  use  of  MC  values  at  lower  levels  of  RCI  would 
have  been  preferable,  they  could  not  be  computed  without  gross  extrapola- 
tion in  many  cases. 
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Relation  of  Consteints  to  Soil 
and  Site  Factors 


23.  Three  ways  of  relating  RCI-MC  equation  constants  to  soil  and 

site  factors  were  explored:  (a)  by  soil  classes  defined  in  terms  of  exist- 

ing soil  classification  systems,  (b)  by  individual  soil  and  site  factors, 
and  (c)  by  multiple  groupings  of  soil  and  site  factors.  Relations  were 
evaluated  on  the  basis  of  deviations  of  the  RCI-M3  equation  constants  and 
by  other  statistical  measures. 

Soil  classes 

24.  The  effectiveness  of  mean  class  values  for  estimating  RCI-MC 
equation  constants  (i.e.,  MC  at  100  RCI  and  MC  at  200  RCl)  was  determined 
on  the  basis  of  the  Unified  Soil  Classification  System  (USCS)  and  the  USDA 
Textural  Classification  System.  The  RCI-MC  equation  constants  were  com- 
piled by  classes,  and  the  means  and  average  absolute  and  standard  devia- 
tions from  the  means  were  computed. 

25.  Data  for  soil  classes  of  the  USCS  arranged  in  decreasing  order 
of  plasticity  are  as  follows: 


Unified  Soil  Classification  System 


MC  at 

100  RCI 

MC  at 

200  RCI 

Deviations 

Deviations 

Soil 

No. 

Mean 

Avg 

Mean 

Avg 

Class 

Sites 

Value 

Abs 

Std 

Value 

Abs 

Std 

CH 

7 

36.0 

7.0 

8.4 

27.9 

6.3 

7.5 

MH 

3 

47.0 

3.0 

4.1 

37.6 

1.6 

2.2 

CL 

14 

25.5 

2.7 

3.9 

21.6 

2.6 

3.6 

ML 

9 

30.2 

2.3 

3.1 

26.3 

3.3 

4.0 

CL-ML 

5 

22.6 

1.1 

1.6 

19.2 

1.8 

2.4 

All 

classes 

38 

— 

3.2 

4.7 

mm 

3.3 

Only  five  classes  were  represented,  all  of  fine-grained  materials.  There 
was  considerable  overlap  between  some  classes;  however,  the  system  does 
serve  to  indicate  that  differences  of  RCI-MC  equation  constants  exist 
between  high  plasticity  and  low  plasticity  soils. 

26.  Data  for  soil  classes  of  the  USDA  Textural  Classification 
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System  arranged  in  an  increasing  order  oT  grain  size  are  as  I'ollows; 


USDA  Textural  Classification  System 


MC  at 

100 

RCI 

MC  at 

200 

RCI 

Soil 

No. 

Mean 

Deviations 

Avg 

Mean 

Deviations 

Avg 

Class 

Sites 

Value 

Abs 

Std 

Value 

Abs 

Std 

C 

4 

44.2 

4.7 

6.8 

35.2 

4.4 

6.0 

SiC 

2 

44.2 

1.7 

2.4 

33.7 

2.3 

3.2 

SiCL 

2 

29.9 

0.8 

1.1 

21.1 

1.9 

2.7 

CL 

1 

24.1 

-- 

-- 

20.9 

m m 

-- 

SiL 

26 

26.9 

3.6 

5.1 

23.2 

3.1 

4.7 

L 

3 

28.2 

5.9 

7.7 

23.4 

5.0 

7.0 

All 

classes 

38 

-- 

3.7 

5.4 

-- 

3.3 

5.0 

Only  six  of  twelv'  classes  were  included  in  the  analysis,  and  sandy  soils 
were  not  represented.  Also  the  numbers  of  observations  per  class  wore  low 
except  for  the  silt  loam  class.  Mean  class  values  appear  to  be  divided 
into  two  groups,  clay  and  silty  clay  soils  having  much  higher  RCI-MC  equa- 
tion constants  than  the  other  four  soil  classes  represented.  Deviations 
were  larger  than  those  of  the  USCS. 

Individual  soil  and  site  factors 

27.  Soil  and  site  factors  commonly  used  in  soil  strength  and  soil 
moisture  investigations  were  studied  individually  to  determine  if  they  were 
related  to  the  RCI-MC  equation  constants.  The  following  twelve  factors  were 
used;  fines  content;  liquid  and  plastic  limits;  plasticity  index;  organic 
matter,  sand,  silt,  and  clay  contents;  dry  density;  moisture  content  at 
0.06-  and  15-atm  tension;  and  wetness  index.*  Linear  regression  analyses 
were  used  in  attempts  to  establish  relations.  A summary  of  the  results  is 
presented  in  table  Cl,  and  highly  significant  regressions  are  shown  in 

fig.  2. 

28.  Caution  should  be  exercised  in  the  interpretation  of  relations. 
The  relations  have  not  been  shown  to  be  of  a cause-and-effect  nature.  Also, 


* Wetness  index  is  an  expression  of  the  degree  of  v;etting  which  takes 
place  at  a site.  It  is  determined  on  the  basis  of  water  table  depth  or, 
for  sites  with  no  water  table,  the  depth  of  penetration  of  water  from 
precipitation. 
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an  analysis  of  clay  type  was  not  made  for  any  of  the  soils,  and  clay  type 
is  known  to  be  a factor  which  influences  soil  strength. 

29.  The  RCI-MC  equation  constants  had  highly  significant  (O.Ol 
level)  relations  with  eight  of  the  twelve  soil  and  site  factors.  The  four 
exceptions  were  with  dry  density,  and  fines,  organic  matter,  and  sand  con- 
tents. Because  of  the  limited  ranges  included  in  the  analysis  of  the  latter 
three  factors,  results  shown  in  regard  to  their  relations  with  the  RCI-MC 
equations  should  not  be  considered  as  conclusive. 

30.  Evenly  distributed  diy  density  values  over  a somewhat  normal 
range  were  included  in  the  analysis.  Results  indicated  that  little  of  the 
variation  in  the  RCI-MC  equation  constants  was  associated  with  the  un- 
disturbed dry  density  of  soil.  This  is  not  surprising;  laboratory  tests 
on  processed  soils  show  that  Cl  differences  at  a given  MC  are  far  greater 
between  low,  medium,  and  high  plasticity  soils  than  they  are  for  any  one  of 
the  three  soils  compacted  to  various  dry  densities.  This  may  be  due  to  the 
fact  that  the  same  amount  of  lubricant  (water)  per  unit  mass  of  soil  exists 
at  a given  MC  regardless  of  dry  density.  It  should  also  be  noted,  however, 
that  RCI  is  a strength  measure  of  a remolded  soil,  the  density  of  which  may 
differ  greatly  from  the  undisturbed  dry  density  of  the  same  soil. 

31.  Relations  between  wetness  index  and  the  eleven  soil  properties 
included  in  the  analysis  were  very  poor.  It  is  therefore  difficult  to 
understand  why  relations  existed  between  the  RCI-MC  equation  constants  and 
wetness  index,  unless  it  is  an  Indicator  of  soil  structural  changes  which 
may  occur  under  varying  degrees  of  v/etness. 

32.  The  accuracies  of  estimations  of  RCI-MC  equation  constants 
tlirough  the  use  of  either  liquid  limit  or  plastic  limit  are  comparable  to 
those  arrived  at  through  the  use  of  the  USCS,  Glc  ’c  these  two  soil  proper- 
ties are  used  either  directly  or  indirectly  in  delineating  the  classes  of 
the  USCS,  it  would  seem  that  the  established  criteria  of  the  USCS  for  group- 
ing soils  have  little  significan  -e  insofar  as  the  estimation  of  RCI-HC 
equation  constants  is  concerned. 

33*  Of  the  eight  pairs  of  highly  significant  relations,  seven  liad 
positive  regression  coefficients  (slopes),  and  one,  the  pair  of  relations 
with  silt  content,  had  negative  coeffi'-ients.  The  signs  of  the  regression 
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coefficients  indicate  that  at  a given  RCI  level  (for  fine-grained  soils) 

MC  increases  are  associated  with  increases  in  plasticity  and  decreases  in 
grain  size. 

34.  Conversely,  the  data  indicate  that  at  a given  MC,  RCI  increases 
are  associated  with  increases  in  plasticity  and  decreases  in  grain  size. 

For  example,  at  an  MC  of  35  percent,  RCI  increases  from  100  to  200  as 
plastic  limit  increases  from  28  percent  to  3^  percent  (see  fig.  2), 

35.  Fig.  2 shows  that  for  any  given  soil  or  site  factor,  the  rela- 
tion to  MC  at  200  RCI  has  a flatter  slope  than  the  relation  to  MC  at 

100  RCI.  From  this  and  the  position  of  the  two  regression  lines  with 
respect  to  each  other,  it  can  be  concluded  that  each  of  the  factors  is 
related  to  the  slope  of  the  RCI-MC  relations,  at  least  between  the  100- 
and  200-RCI  levels.  The  slopes  of  RCI-MC  relations  become  flatter  with 
increases  in  plasticity  and  decreases  in  grain  size.  As  an  example,  for 
soils  having  a clay  content  of  20  percent,  an  average  MC  loss  of  4,5  percent 
is  required  to  increase  RCI  from  100  to  200;  for  an  equivalent  strength 
gain  for  soils  having  a clay  content  of  60  percent,  an  average  MC  loss  of 
9.7  percent  is  required. 

Multiple  soil  and  site  factors 

36.  Multiple  linear  regression  analyses  were  made  between  the  RCI-MC 
equation  constants  and  five  soil  and  site  factors.  The  soil  and  site 
factors  (independent  variables)  selected  were  fines  content  (f),  liquid 
limit  (LL),  plasticity  index  (Pl),  clay  content  (c),  and  wetness  index  (Wl). 
The  derived  relations  are  shO'Aii  bclov;. 

^^C  at  100  RCI  = -4.0  0.049F  + 0.883LL  - 0.817PI  + 0.224c  + 0.48V<1 
MC  at  200  RCI  = -5.0  + O.O7IF  + 0.712LL  - 0.677PI  + O.I5IC  + O.63WI 

37.  Both  relations  v/ere  highly  significant.  Multiple  correlation 
coefficients  for  the  relations  vath  MC  at  100  RCI  and  MC  at  200  RCI  were 
0.949  and  0.900,  respectively;  average  absolute  deviations  of  the  cstijnated 
RCI-MC  equation  constants  were  2.0  and  2.1  percent,  respectively;  and 
standard  deviations  were  2.5  and  2.8  percent,  respectively.  Since  there 
was  little  difference  in  estimation  accuracies  at  the  two  levels,  good 
relations  v;ith  MC  at  lov;cr  RCI  levels  probably  ^ould  have  been  established 
if  data  had  been  available. 


38.  The  accuracies  of  the  various  methods  for  estimating  RCI-MC 
constants  in  terms  of  average  absolute  deviations  are: 


Method 


RCI-MC 

Classification 

Best  Single 

Multiple 

Eqmtion 

Syst 

em 

Factor 

Factor 

Constant 

uses 

“uSm 

Relation  (LL) 

Relation 

MC 

at  100  RCI 

3.2 

3.7 

2.9 

2.0 

MC 

at  200  RCI 

3.3 

3.3 

2.8 

2.1 

The  data  show  that  the  multiple  factor  relations  resulted  in  improved 
estimations  of  RCI-MC  equation  constants.  The  fact  that  estimation 
accuracies  of  the  RCI-MC  equation  constants  approach  the  measurement 
accuracy  of  MC  (on  a four-sainple  basis)  justified  using  the  multiple  factor 
relations  to  predict  RCI. 


PART  III:  PREDICTION  OF  RATING  GONE  INDEX 


39»  As  noted  in  paragraph  20,  if  the  coordinates  of  two  points 
(X^,  , and  X^j  on  a line  are  known,  the  equation  for  that  line 

can  be  determined.  For  the  equation  Y = a + bX  , computations  are  as 
follows ; 


Using  the  relations  shown  in  paragraph  and  I'ollowing  the  computations 
shov/n  above,  RCI-MG  relations  can  be  estimated.  Furthermore,  RCI  can  be 
predicted  on  the  basis  of  FMG  values,  and  the  prediction  accui’acics  of 
RCI  can  be  evaluated  on  the  basis  of  MRCI  values. 

40.  Predictions  of  RCI  were  made  for  the  following  groups  of  sites: 
prediction-development  (PD)  sites  used  in  establishing  relations;  PD  sites 
not  used  in  establishing  relations;  -water  table  study  sites  lo -ated  in 
Arkansas,  Louisiana,  and  Mississippi;  and  survey  sites  (used  to  check 
moistxire  prediction  relations)  located  in  the  southern,  northeastern,  lake 
states,  and  intemountain  regions  of  CONUS.  Evaluations  on  the  basis  of 
algebraic,  absolute,  and  standard  deviations  -were  made  for  thc<59>  60-79> 
and  80-119  increments  of  MRCI.  Results  of  this  analysis  and  the  measure- 
ment accui'acies  of  RCI  discussed  in  paragraphs  17-19  o.vc  presented  in 
table  C2. 

41.  It  is  obvious  that  the  predictions  were  not  good.  Average 
absolute  and  standard  deviations  for  all  the  data  were  approximately  30 
and  4o  RCI  units,  respectively.  Prediction  accuracies  were  very  low  witli 
respect  to  the  range  of  measui-ed  RCI  values  considered.  The  fact  that  low 
RCI  values  are  generally  predicted  high  and  high  -values  are  generally 
predicted  low  (as  sho-^-n  by  plus  and  minus  algebraic  deviations)  indicates 
that  the  system  in  its  present  form  might  bo  improved  to  some  extent. 

42.  Gome  factors  -which  may  have  contributed  to  the  poor  prcdi<^tions 
arc  discussed  in  Part  IV  following. 
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PART  IV;  LBIITATTOHS  OF  THE  SYSTEM 


U3.  That  all  prediction  systems  (and,  for  that  matter,  dassifi -a- 
tion  systems)  have  limitations  is  a *’onerally  ai-^cptol  I’a^t.  They  are 
usually  limited  to  the  ori/^inal  design  objc  -tives  of  the  derivations,  by 
the  prediction  pax'amet .rs , and  by  yrcdietion  aecuraeies.  The  dls'^ussion 
which  follows  is  primarily  volatcd  to  the  prediction  parameters  (soil  and 
site  factors)  which  v/ere  in -orporated  dire'*tly  or  indirectly  into  the 
system  heretofore  presented. 


Ranges  of  Soil  imd  Site  Factor  Values 


44.  As  a general  rule,  a relation  is  valid  only  within  the  limiting 
values  of  the  paiauneters  used  i:i  the  derivation  o'*  the  relation.  Beyond 
these  limits  the  relation  my  change,  or  in  fa-t,  may  not  v- n exist.  The 
limiting  values  of  the  soil  and  site  faetors  used  in  the  derivation  of 
RCI  prediction  relations  are  summarised  below. 


Soil  or  Site 
Factor 


Lowest  Hlgliect 

Value  Value 


Fines  content  63  100 
Liiuid  limit  25  107 
Plasticity  index  4 79 
Clay  content  5 70 
Wetness  index  2 4 


It  is  obvious  that  the  prediction  relations  spoeifi-^ally  apply  only  to 
plastic,  i'inc-grainod  soils. 

45.  Perhaps  lees  obvious  than  that  limitation  discussed  above,  but 
still  of  Importan'e^  pc  the  fa-t  tiiat  all  the  fa -'tors  whi:h  influen’e  the 
dejiendent  vai  iablo  nay  not  be  included  in  a predi  'tion  relation.  If  this 
is  the  case,  the  relation  is  valid  only  within  the  limiting  values  of  the 
nonin^luded  iiW'luen  -ing  factors  that  existed  at  the  time  the  in.'-luled 
factors  v;ere  being  measured.  Of  course,  strict  adherence  to  this  limita- 
tion would  render  moot  predietion  systems  useless;  however,  it  should  at 
least  be  follo-xed  at  a pra -tieal  level. 

46.  That  the  PCI  jreii'tion  results  -were  poor  may  in  ]<art  be 


CIO 


attributed  to  ext I'apolat ions  beinj;  !iiadc  boyond  the  limits  of  factors  v/hich 
were  incorporated  eithej-  directly  or  indirectly  into  the  prediction 
relations. 


Accuracies  of  Soil  and  Site  Factoi-  Values 


47.  The  ajoui’acles  with  which  rncarurements  or  estimations  are  made 
of  soil  moisture  •ontent  and  the  soil  and  site  I'a-'tors  used  in  tiie  deriva- 
tion of  the  prediction  relations  will  influence  kCI  predictions.  These 
factors  arc  dis"*ussed  briefly  in  the  follov.dnc  i)aragraphs. 

Soil  moisture  •ontent 

48.  To  ietermine  the  effect  of  measui'‘vnent  or  estimation  accuracies 
of  MG,  the  folio-win;'  procedure  was  used.  The  aveicu'c  cjian^rps  jv;C  ...-ere 
computed  for  eight  -hangos  in  KCI  (+10,  20,  30,  an  i 40  ur.i  .s)  at  six  Levels 
of  SRCI  (‘wO,  100,  150,  200,  2'wO,  and  iOO)  on  the  basis  of  hCI-MC  relations 
for  the  38  sites  from  -which  the  prediction  relations  -were  dci-ivod.  Results 
ai’e  shOA-n  in  fig. 

49.  The  average  MC  change  for  a given  RCI  change  increases  as  the 
RCI  level  decreases.  To  arrive  at  an  average  RCI  a 'curacy  of  +20  imits, 

MG  at  the  50-,  100- , and  I9O-KCI  levels  must  be  deteimiined  within  approxi- 

i.e.  — i ^ ),  1.4,  and  O.o  percent,  respoctivexy,  providing 
the  RCI-MG  relation  is  kno-*-n.  The  standard  deviation  of  the  niean  measured 
MG  of  a sit<c  on  a four-simple  basis  is  approximately  I.5  percent  on  the 
average.  Using  tais  'figure  and  intei-polating,  it  is  apparent  that  RCI 
■an  be  detciTiine  i 68  per -ont  o’’  the  time  (+1  standard  deviation)  within 
approximat'cly  +12  (i.e.  .t.  23,  and  33  vuiits  at  tdae  60- , 100-,  and 

I5C-RCI  levels,  respectively,  if  the  PCI-MG  reJation  is  known. 

Soil  and  oite  factors 

60.  The  effects  of  ‘i  per  unit  edumge  in  ca 'h  of  the  soil  and  site 
fa ‘tors  used  in  tiie  derivation  of  prediction  i-elations  on  the  estimated 
RCI-MC  e.iuation  constants  arc; 
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Change  in  Kstimated  Equation  Con- 
stanta (f  dry  >.1;)  Corresponding  to 
a 1-Unit  Change  in  Soil  and  Site 
Factors 

Factor  MC  at  100  RCI  ^^C  at  200  RCI 


Finos  I'ontcnt  0.05  0,07 
Liquid  limit  0.88  0.71 
Plasticity  index  0.82  0,68 
Clay  content  0.22  0.15 
Wetness  index  0.48  O.63 


The  data  show  that  a small  change  in  liquid  limit  or  plasticity  index  will 
result  in  a significant  change  in  the  estimated  RCI-MC  equation  constants 
and,  as  Indicated  by  fig.  3j  in  predicted  RCI. 

51.  Statistical  evaluations  of  how  accurately  soil  factors  used  in 
the  prediction  relations  dcpi''t  the  true  mean  value  of  a site  are  limited. 
Hov/ever,  recent  studies  indicate  that  the  standard  deviation  of  mean 
measured  liquid  limit  and  plasticity  index  values  of  a site  on  a tv;o- 
sample  basis  are  approximately  h and  3 percent,  respectively;  v;hen  con- 
sidered in  terms  of  predicted  RCI,  those  variations  are  large, 

52.  Although  the  discussion  in  previous  paragraphs  is  general,  it 
serves  to  indicate  that  RCI  is  sensitive  to  very  small  differences  in  soil 
characteristics.  Thus,  it  becomes  obvious  that  the  soil  moisture  predic- 
tion system  and  the  soil  strength  relations  must  be  greatly  Improved  if 
they  are  to  find  meaningful  use  in  tactical  military  problems. 
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Relatione  Between  Rating  Gone  Index-Soil  Moisture  Content 
Equation  Constants  and  Soil  and  Site  Factors 
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Meamireinent  accuracy  by  increments  of  specific  rating  cone  index 
Standard  deviations  are  arithmetic  average  values. 
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APPENDIX  D;  INFLUENCE  OF  WATER  TABLES  ON  SOIL  MOISTURE 

AND  SOIL  STRENGTH 

PART  I:  INTRODUCTION 

1.  Water  tables  near  the  soil  surface  have  an  adverse  effect  on  many 
military  operations.  It  is  either  taiown  or  can  logically  be  assumed  that 
they  often  result  in  the  impaired  mobility  of  vehicles  and  foot  troops  and 
make  many  areas  hi^ly  unsuitable  for  troop  bivouac  or  .the  construction  of 
trenches,  foxholes,  tunnels,  Tjindergroimd  structures,  surface  buildings, 
roads,  or  airfields. 

2,  It  can  be  concluded,  therefore,  that  a definite  need  exists  for 
the  capabilities  of  delineating  areas  of  hi(^  vra.ter  table  and  of  predicting 
water  table  levels.  All  approaches  toward  gaining  these  capabilities 
should  be  explored. 


Background 

3.  A method  for  predicting  the  moisture  content  of  the  6-  to  12-in. 
soil  layer  was  presented  in  a Joint  Forest  Service-Waterways  Experiment 
Station  report  in  1959*  As  shown  in  the  report,  the  average  absolute 
deviation  between  predicted  and  measured  moisture  contents  for  all  soils 
tested  (625)  was  O.31  in.  (inches  of  water  per  6 in,  of  soil;  O.08  in.  « 1.0 
percent  on  a dry  weight  basis).  However,  the  average  absolute  deviation 
for  drained  soils  was  notably  smaller  than  that  for  sites  influenced  by 
water  tables,  l.e.  0.27  in.  as  compared  to  0,38  in.  One  of  the  recommenda- 
tions of  the  report  therefore  was  that  "further  studies  should  be  made  of 
soils  wet  by  water  tables  to  determine  what  soils  and  sites  are  Influenced 
by  water  tables,  and  the  time  of  occurrence  and  duration  of  the  water  table 
effect." 

Studies 

4,  Three  water  table  studies  have  been  conducted.  For  purposes  of 

I 
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this  paper  they  are  referred  to  as  the  Mississippl-Alabama,  Arkansas,  and 
Oregon  studies.  The  primary  objectives  and  brief  descriptions  of  the 
studios  are  presented  below. 

Mississippi»Adabama  study 

5.  The  primary  objective  of  this  study  was  "to  develop  a method  or 
scheme  for  identifying  areas  where  water  tables  ] ie  within  U ft  of  the 
surface  during  the  wet  season." 

6.  Sites  were  located  in  west  and  east  central  Mississippi,  and 

west  central  Alabama.  Soils  on  which  test  sites  were  located  varied  greatly 
in  physical  properties  and  parent  material ; vegetation  varied  from  herba- 
ceous to  forest.  The  average  annual  precipitation  for  the  study  area  as  a 
whole  is  approximately  50  in.,  of  which  about  30  in.  fails  in  the  winter 
and  spring  months. 

7.  A total  of  58  sites  were  established.  From  two  to  four  sites 
were  located  along  each  of  I8  transects  which  were  situated  transverse  to 
and  on  one  side  of  secondary  streams.  Sites  along  the  transects  were 
usually  spaced  across  a bottomland  to  the  toe  of  an  upland  slope  and  occa- 
sionally to  an  upland  upper  slope.  During  periodic  visits,  the  depth  to 
water  table  was  measured  at  each  site,  and  coil  strength,  soil  moisture 
content,  and  cumulative  rainfall  data  were  collected  at  one  or  two  sites 
along  each  transect, 

Arkansas  study 

8.  The  primary  objective  of  this  study  was  "to  determine  and  evaluate 
site  factors  that  affect  significantly  the  inception,  duration,  and  period- 
icity of  seasonal  water  tables.  " 

9.  Data  were  collected  in  southeastern  Arkansas  near  the  town  of 
Crossett.  Soils  on  which  tost  sites  were  established  were  derived  from 
either  coastal  plain  sediments,  loess,  or  alluvium.  Most  of  the  soils 
were  silty  in  texture;  fragipans,  the  upper  surfaces  of  which  were  at 
depths  ranging  from  about  6 to  40  in.,  existed  at  many  of  the  sites.  Most 
of  the  study  area  was  forested.  Mean  annual  precipitation  is  5^  in.,  of 
which  approximately  one-half  falls  in  the  months  of  December  through  April. 

10,  A total  of  37  sites  wore  established  for  this  study.  Sites 
were  located  either  individually  or  along  transects  positioned  on  upland 
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flats  or  across  a range  of  slope  positions.  During  periodic  visits,  depth 
to  the  water  table  was  measured  at  each  site,  and  soil  strength,  soil 
moisture  content,  and  rainfall  data  were  collected  at  the  sites  located 
individually  and  at  one  of  the  sites  along  each  transect. 

Oregon  study 

11.  The  primary  objective  of  this  study  was  to  establish  relations 
between  soil  morphological  characteristics  and  water  table  regimes. 

12.  Sites  were  located  in  west  central  Oregon  near  the  town  of 
Shedd.  Soils  on  which  sites  were  established  were  derived  primarily  from 
lacustrine  silts.  Soils  were  silty  in  texture  although  pronounced  textural 
B horizons  (clay  pans)  existed  at  some  sites.  Vegetation  at  all  sites  was 
herbaceous.  Mean  annual  rainfall  is  approximately  42  in.,  of  which  almost 
one-half  generally  falls  during  November,  December,  and  January. 

13.  Three  sites  were  located  in  each  of  five  soil  series;  only  one 
site,  however,  was  established  within  an  individual  soil  series  mapping  unit. 
At  each  site  rainfall  and  water  table  data  were  collected  daily;  soil 
strength  and  moisture  content  data  were  collected  periodically. 


l4.  The  findings  of  the  three  studies,  as  applicable,  are  included 
under  separate  selected  topics.  These  topics  include  the  effects  of  water 
tables  on  soil  moisture  and  strength  of  the  6-  to  12-in.  layer,  environmental 
factors  associated  with  water  table  regimes,  and  a tentative  water  table 
classification  scheme. 


Limitations 


15. 

associated 
numbers  of 
Therefore , 
similar  to 


It  should  be  noted  that  the  areas  from  which  water  table  and 
data  were  collected  were  not  selected  at  random.  Also,  the 
observations  arc  very  small  in  comparison  with  the  populations, 
findings  may  not  be  applicable  except  under  conditions  like  or 
those  under  which  observations  were  made. 
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Definitions 


l6.  The  terms  hi^  water  table,  near-surface  water  table,  and 
surface  vrater  table  are  used  herein.  For  purposes  of  this  paper  a hi^ 
water  table  is  characterized  by  a free  surface  at  an  elevation  equal  to 
or  greater  than  the  minimum  elevation  at  which  appreciable  amounts  of 
moisture  will  move  by  capillarity  into  the  6-  to  12-in.  soil  layer.  For 
most  soils  this  minimum  elevation  is  comisarable  to  a water  table  depth  of 
approximately  3 i*t  (see  paragraphs  28-30),  A near-surface  water  table 
has  a free  surface  within  12  in,  of  the  coil  surface.  A surface  vra.ter 
table  has  a free  surface  at  or  above  the  soil  surface. 


PABT  II:  WATER  TABLE  EFFECTS 


17.  A brief  discussion  of  the  effects  of  high  water  tables  on  the 
moisture  content  and  strength  of  the  6-  to  12-in.  soil  layer  is  presented 
in  the  following  paragraphs.  Findings  and  conclusions  based  on  data  from 
the  three  water  table  studios  are  generally  not  new,  but  they  do  tend  to 
confirm  findings  of  past  studies. 

Soil  Moisture  Content 


18.  For  practical  purposes,  the  only  source  of  moisture  for  a soil 
in  which  a hif^  water  table  does  not  exist  is  precipitation.  However,  a 
soil  in  which  a high  water  table  does  exist  may  be  considered  as  having 
two  available  sources  of  moisture,  i.e.  precipitation  and  the  water  table. 
This  basic  difference  results  in  differences  in  field  maximum  moisture 
contents  and  soil  moisture  depletions. 

Field  maximum  moisture  content 

19.  Previous  liTES  studios  have  indicated  that  the  field  maximum 
moisture  content  increases  with  a decrease  in  depth  to  the  water  table. 

This,  of  course,  is  due  to  the  successive  filling  of  larger  and  larger 
pores  with  water. 

20.  It  is  to  be  expected  that  for  soils  subject  to  a near-surface 
wat'^r  table,  field  maxiraums  are  approximately  equivalent  to  moisture  contents 
at  0-atm  tension.  Pata  from  the  Oregon  study  indicate  that  this  is  essen- 
tially correct;  the  average  algebraic  and  absolute  deviations  of  0-atm 
tension  values  from  field  maxintum  moisture  contents  were  -0.05  and  0.10  in., 
respectively.  Because  of  the  capillary  potentials  involved,  the  larger 
pores  of  soils  not  subject  to  high  water  tables  are  generally  not  filled 
during  rains  of  normal  intensity,  WES  studies  have  indicated  that  field 

maximum  moisture  contents  for  those  soils  are  approximately  equivalent  to 

1 2^4 

0.06-atm  tension;  studies  by  other  investigators  tend  to  verify  this 

conclusion. 

21.  Of  interest  is  the  accuracy  with  which  the  field  maximum  mois- 
ture contents  of  soils  subject  to  hi^  water  table  conditions  can  be 
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predicted.  Using  the  following  equation,  predictions  were  made  on  the 
basis  of  data  collected  at  high  water  table  sites  in  the  Mississlppi- 
Alabama  and  Oregon  studies:  field  maximum  = 2.06  - 0.012^  sand  + 0.0085& 

clay  + 0,155  wetness  index.  Even  thou^  a water  table  factor,  i.e,  wetness 
index,  is  included  in  the  equation,  field  maximum  moisture  contents  were 
generally  predicted  low,  as  shown  in  fig,  1, 

Soil  moisture  depletion 

22.  For  soils  with  high  water  tables  as  compared  to  soils  without 
hi^  water  tables,  a longer  period  of  time  is  required  to  deplete  from 
field  maximum  to  a level  of  moisture  common  to  both  soils.  This  can  be 
explained  as  follows, 

23.  Depletion  lag.  For  a soil  subject  to  a surface  water  table 
some  finite  period  of  time  is  required  for  the  water  table  to  drop  to  a 
depth  of  6 in.  This,  of  course,  results  in  a depletion  lag.  The  deple- 
tion lag  may  range  from  a few  hotirs  to  several  days  in  length  depending 
upon  the  permeability  of  the  soil  and  topographic  features  of  the  site. 

Lags  are  probably  longest  for  sites  with  a relatively  impermeable  layer 
at  a shallow  depth  or  for  sites  located  in  topographic  depressions  or  at 
elevations  approximately  equal  to  the  elevations  of  nearby  bodies  of 
water. 

24.  The  length  of  the  depletion  lag  for  Oregon  site  240  can  be  de- 
termined from  the  water  table  recession-time  relations  shown  in  fig.  2,  The 
time  required  for  the  water  table  to  drop  from  the  soil  surface  to  a depth 
of  6 in.  was  approximately  3 days  during  the  winter  months, 

25.  Added  depletion.  As  noted  in  paragraph  20,  field  maximum 
moisture  contents  for  most  soils  can  be  approximated  by  using  either  0-  or 
0.06-atm  tension  values.  For  a soil  subject  to  a high  water  table  some 
finite  period  of  time  is  required  for  the  water  table  to  drop  to  a depth 
of  36  in.  (a  water  table  at  a depth  of  36  in.  would  exert  approximately 
0,06-atm  tension  on  the  6-  to  12-in,  soil  layer),  and  thus  to  reach  a 
moisture  content  equivalent  to  the  field  maximum  of  a similar  soi]  without 
a high  water  table. 

26.  The  time  required  for  this  added  depiction  to  take  place  is 
probably  dependent  upon  the  same  factors  which  result  in  a depiction  lag 
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Fig.  1.  Measured  versus  predicted  field  maximum  moisture  contents  of  the  6-  to 
12-ln.  soil  layer y Mississippi,  Alabama,  and  Oregon  studies 
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Fig.  2.  Water  table  rece8sion>time  relation;  Oregon  site  240 
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(see  paragraph  23).  For  Oregon  site  240,  the  time  required  for  the  water 
table  to  drop  from  the  6-in,  depth  to  the  36-in.  depth  was  approximately 
52  days  during  the  winter  months  (see  fig.  2), 

27.  Capillarity.  If  the  free  surface  of  a water  table  lies  within  a 
short  distance  below  the  6-  to  12-in.  soil  layer,  moisture  will  be  drawn 
by  capillarity  from  the  water  table  into  the  6-  to  12-in,  layer.  This  is 
an  accretion  mechanism  but  may  more  simply  be  considered  as  a cause  of  re- 
duced rates  of  soil  moisture  depletion. 

28.  The  maximum  depth  at  which  a water  table  may  occur  and  s'^ill  act 
as  a supply  for  appreciable  amounts  of  soil  moisture  for  the  6-  to  12-in. 
soil  layer  is  of  importance.  This  maximum  depth  has  been  considered  to  be 
4 ft  in  past  WES  studies.^  This  depth  corresponds  to  an  effective  capil- 
lary rise  of  approximately  90  cm  (4  ft  - 1 ft  « 90  c®)* 

•3 

29.  A study  by  Pierpoint  and  Farrar  showed  that  the  capillary  fringe 

extended  approximately  60  cm  (24  in.)  above  cither  a falling  or  stationary 

5 

water  table  in  a medium  sand  soil.  In  a study  by  Keen,  it  was  found  that 
at  a water  table  depth  of  35  cm  (l4  in.)  in  sand,  70  cm  (28  in.)  in  fine 
sand,  and  85  cm  (33  in.)  in  a clay,  the  power  of  supplying  water  to  the 

upper  limits  of  the  soil  by  the  water  table  was  negligible.  Other  inves- 

tigators  *'  show  that  for  short  periods  of  time  (less  than  about  5 days) 
the  capillary  rise  above  a water  table  is  generally  less  than  60  cm  (24  in.) 
for  all  soils. 

30.  Fig.  3 shows  the  relations  between  moisture  content  of  the  6-  to 

12-in.  soil  layer  and  water  table  depth  and  tension  for  a silt  loam  soil  in 
Oregon.  Data  were  taken  during  the  winter  and  spring  seasons.  The  graph 
shows  that  soil  moisture  losses  were  in  accordance  with  soil  moisture 
tension  data  until  a water  table  depth  of  approximately  15  in.  was  reached; 
below  this  depth  the  actual  moisture  values  began  to  diverge  from  the 
theoretical.  A decrease  in  moisture  content  from  24  to  17  percent  corre- 
sponded to  a drop  in  the  water  tabic  from  36  to  43  in.  ; to  explain  tliis 

moisture  loss  on  the  basis  of  tension,  the  water  table  would  have  had  to 
drop  approximatf^Iy  130  ft  (5OOO  cm  - 1000  cm  =s  I30  ft).  It  is  obvious, 
therefore,  tl  *t  at  depths  exceeding  approximately  36  in.,  the  water  table 
did  not  contribute  appreciable  amoiints  of  moisture  to  the  6-  to  J2-in.  soil 
layer. 


D9 


Water  Table  Depth  (in. 


15  20  25  30  35  1+0 

Soil  Moiiture  Content  {%  Dry  Wgt.),  6-  to  12-in.  Layer 

! —[ 1 r ~i 

5000  2000  300  60  30  0 


Tension  Equivalent  (cm  Water) 


Fig.  3.  Soil  moisture  relations  with  water  table  depth  and 
tension.  Oregon  site  228,  6-  to  12-in.  layer 
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31.  The  transfer  of  water  from  a water  table  to  the  6-  to  12- in. 
layer  must  be  considered  if  accurate  soil  moisture  predictions  are  to  be 
made.  In  the  Arkansas  study,  transition  season  (spring)  depletion  rates 
were  applied  during  the  sunmer  months  if  a water  table  was  within  36  in. 
of  the  soil  surface  to  offset  the  effects  of  capillarity. 

Soil  Strength 

32.  Data  from  previous  WES  studies  have  shown  that  for  a given 
fine-grained  soil  or  sand  with  fines,  poorly  drained,  rating  cone  index 
(RCI)  decreases  with  an  increase  in  moisture  content.  Furthermore,  the 
relation  can  be  defined  by  a smooth  cxirve.  An  analysis  of  data  from  the 
three  water-table  studies  tends  to  substantiate  these  conclusions. 

33.  Fig.  U is  a typical  plot  of  RCI  versus  water  table  depth. 

As  shown,  RCI  decreases  to  a minimum  when  the  water  table  is  close  to 
the  s\irface  and  remains  constant  with  a further  rise  in  the  water  table. 
The  plots  of  data  from  many  other  sites  also  show  a decrease  in  RCI  to  a 
ccxistant  minimum  value.  Minimum  RCI  values  for  these  sites  range  from 
about  15  to  80,  a range  of  maximum  importance  insofar  as  vehicle  mobility 
is  concerned. 
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Fig.  4.  Rating  cone  index  versus  water  table  depth;  Oregon  site  226 
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PART  III:  FACTORS  INILUENCING  THE  INCEPnON,  ACCRETION, 
AND  RECESSION  OF  WATER  TABLES 


34.  The  factors  found  to  have  an  influence  on  the  inception,  accre- 
tion, and  recession  of  hi^  water  tables  are  discussed  in  this  section  of 
the  paper.  From  a loiowledge  of  the  quantitative  relations  between  the 
three  water  table  characteristics  noted  above  and  all  the  factors  which 
influence  them,  water  table  levels  can  be  predicted.  Unfortunately,  some 
of  the  relations  discussed  herein  are  qualitative  and  do  not  easily  lend 
themselves  to  the  making  of  predictions.  They  are  of  importance,  however, 
in  that  they  can  be  used  in  the  design  of  future  water  table  prediction 
studies. 


Inception 

35.  An  analysis  of  data  from  the  Arkansas  and  Oregon  studies  indi- 
cated that  factors  having  a major  influence  on  the  inception  of  water  tables 
were  precipitation,  topographic  position,  and  soil  stratification. 
Precipitation 

36.  For  each  site  of  the  Arkansas  study,  the  cumulative  rainfall 
after  1 October  required  to  initiate  a water  taole  at  maximum  well  depth 
(1  to  4 ft  from  the  soil  surface)  was  computed  for  the  1959-60  and  I960-61 
wet  seasons.  For  each  site  of  the  Oregon  study,  the  cumulative  rainfall 
after  1 September  required  to  initiate  a water  table  at  depths  of  24  or 

7 in.  from  the  surface  (24  in.  for  nonclay  pan  soils  and  7 in.  for  clay 
pan  soils)  was  computed  for  the  1963-64  and  1964-65  wet  seasons.  In  the 
Arkansas  and  Oregon  study  areas  October  and  September,  respectively,  are 
the  months  during  which  the  soil  moisture  normally  begins  to  be  recharged. 

37.  The  data,  1959-60  versus  1960-61  for  the  Arkansas  cites  and 
1963-64  versus  1964-05  for  the  Oregon  sites,  are  plotted  in  fig,  5.  The 
graphs  show  that  the  cumulative  rainfalls  required  to  produce  high  water 
tables  are  similar  for  two  successive  years  (the  points  tend  to  fall  on 
the  lines  of  equality).  This  suggests  that  cumulative  rainfall  can  be  used 
to  estimate  the  inception  date  of  a water  table. 
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Fig.  5-  A ccnoparison  ot  rainfalls  required  to  initiate  a water  table  for  two  successive 


38,  Because  of  differences  in  climate  from  one  year  to  another,  re- 
charging of  soil  moisture  does  not  necessarily  begin  on  the  same  day  or 
even  within  the  same  month  each  year.  Therefore,  additional  computations 
were  made  for  the  Oregon  study.  Rainfall  was  cumulated  after  the  last  day 
in  the  fall  for  which  the  moisture  content  of  the  6-  to  12-in.  soil  layer 
was  near  the  field  minimum  moisture  content.  Soil  moisture  records  indi- 
cated that  for  most  of  the  sites  these  dates  were  approximately  October 
20,  1963>  iind  October  27,  19^k,  The  data  are  summarized  in  table  Dl. 


Table  Dl 


Cumulated  Days  and  Rainfall  Required  to 
Initiate  a Water  Table,  Oregon  Study 


Water  Table  to  Depth  of  24  in. 

Nonclay  Pan  Sites 

1963-64  1964-6~ 


Site 

No. 

Days 

Rain 

in. 

Days 

Rain 

in. 

226 

63 

12.1 

43 

10.8 

228 

26 

7.2 

31 

7.6 

229^^ 

29 

8.4 

— 

— 

231 

74 

13.1 

54 

13.0 

233 

55 

11.0 

42 

10.6 

234 

85 

15.7 

55 

14.3 

236 

79 

l4.8 

55 

13.4 

239 

75 

13.6 

50 

12.0 

240 

37 

9.5 

46 

11.6 

Average  rain/site  re- 
quired to  initiate 
water  table  in 


V/ater  Table  to  Depth  of  7 in. 
Clay  Pan  Sites 
1963-64 

Site  Rain 

No.  Days  in. 

227  26  7.4 

230  26  7.6 

232  26  7.5 

235  26  7.6 

237  26  7.6 

238  35  9.2 


1963-64  and  1964-65  11.9 8^ 

* No  1964-65  data  available  for  site  229;  1963-64  data  for  this 
site  not  used  in  computing  averages. 


1964-69 


Days 

Rain 

in. 

31 

7.6 

34 

8.9 

31 

7.8 

35 

9.1 

33 

8.5 

40 

10.4 

39.  The  average  differences  of  cumulated  rainfalls  between  years  for 
dates  of  20  October  and  27  October,  respectively,  wore  only  slightly  smaller 
than  those  based  on  cumulations  beginning  on  1 September.  Of  interest,  how- 
ever, is  the  fact  that  for  a given  site  the  cumulated  rainfall  was,  in 
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most  cases,  markedly  greater  for  the  year  in  which  cvunulated  days  required 
for  initiation  of  the  water  table  was  greatest.  This  is  logical  because 
soil  moisture  loss  (through  evapotranspi ration  and  seepage)  is  related  to 
time.  The  average  loss  amounted  to  0. 08  in.  of  water  per  day. 

i+0.  The  factors  of  rainfall  intensity  and  duration  undoubtedly  have 
an  effect  on  water  table  inceptions.  Analyses  of  these  factors,  other  than 
the  one  discussed  above,  were  not  made. 

Topography 

4l.  The  effect  of  topography  on  the  inception  of  water  tables  was 
examined  in  the  Arkansas  study.  The  cumulative  rainfall  data  for  all  sites 
of  each  topographic  position  shown  in  fig.  6 were  averaged;  results  were  as 
follows: 


Topographic  Average  Cumulative  Rainfall,  in,, 

Position  for  Inception  of  Water  Tables 


Upland  flat  10.0 
Crest  of  slope  15.  7 
Upper  slope  17.  5 
Midslope  l6,7 
Bottom  of  slope  10.0 
Minor  bottomland  10.  7 
Major  bottomland  5-0 


Between-site  differences  in  cTomixlative  rainfall  required  to  initiate  a 
water  table  were  relatively  large  within  some  topographic  positions.  Re- 
gardless, the  data  indicate  that  topography  is  related  to  the  inception  of 
water  tables. 

Soil  stratification 

42.  It  would  generally  be  asstuned  that  shallow,  relatively  imper- 
meable soil  layers  or  horizons  would  influence  water  table  inceptions.  In 
the  Arkansas  study,  attempts  were  made  to  determine  the  influence  of  fragi- 
pans  on  the  inception  of  water  tables,  ho  relations  were  found,  probably 
because  there  was  some  question  as  to  the  presence  of  and  depths  to  the 
fragipans  at  some  sites. 

43.  Data  from  the  Oregon  study,  however,  indicated  that  pronounced 
textural  B horizons  have  a definite  effect.  The  data  included  in  table  1 
show  that,  in  general,  much  more  rainfall  was  required  to  produce  a water 
table  on  nonclay  pan  .soils  than  on  clay  pan  soils. 
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Inland  Flat 


Topograpbic  positions  along  a profile 


Accretion 


44.  Two  factors,  precipitation  and  pore-size  distribution,  were 
found  to  have  an  appreciable  effect  on  the  accretion  of  water  tables. 
Precipitation 

45.  For  most  sites  it  was  found  that  under  moist  soil  conditions 
water  table  accretions  were  closely  related  to  precipitation.  Furthermore, 
for  sites  with  water  tables  within  a few  feet  of  the  soil  surface  (2  or 

3 ft  for  the  Oregon  study  sites),  the  water  table  accretion-rainfall  rela- 
tion could  bo  adequately  defined  by  a straight  line;  an  example  is  shown 
in  fig.  7*  Between-site  differences  in  accretion  relations  must  be  due  to 
differences  in  soil  and  site  characteristics. 

46.  For  one  site  in  the  Arkansas  study,  local  precipitation  had 
little  effect  on  water  table  f luctuations . This  site  was  located  in  a 
major  bottomland  about  l/2  mile  from  the  Ouachita  River.  Water  table  lev- 
els were  closely  related  to  the  river  stage  which,  of  course,  was  dependent 
primarily  upon  climatic  factors  many  miles  upstream.  At  sites  located  near 
secondary  streams,  water  table  accretions  were  closely  related  to  rainfall. 
Pore-size  distribution 

47.  Soil  pore-size  distribution  is  a factor  which  affects  water- 

table  accretion  relations.  Generally,  pore-size  distributions  are  such 

that  under  moist  conditions  the  volume  of  voids  not  occupied  by  water 

increases  with  increases  in  soil  grain  size.  Thus,  discounting  differences 

in  infiltration  capacities,  water  table  rises  for  a given  amount  of  rain- 

0 

fall  are  greatest  for  clay  soils;  this  was  shown  by  Ward”  to  be  the  case  in 
a study  of  water  tables  near  Reading,  England,  The  volumes  of  pores  larger 
than  those  capable  of  holding  water  at  0,06-atm  tension  were  related  to 
differences  in  accretion-rainfall  relations  in  a study  of  the  Oregon  data 
by  Watts  and  Boersma.  It  was  also  used  as  a factor  in  predicting  water 
table  levels  for  the  Arkansas  study  sites. 

Recession 


48.  As  used  herein,  a recession  refers  to  an  increase  in  depth  to 


D18 


Iteter  Table  Accretion  (In 
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the  water  table  and  not  to  a loss  ol‘  a volume  o'‘  water.  Pour  fa -tors  were 
found  to  have  an  eflVet  cn  water  table  recessicnr.  Tlicsc  were  r-  ii  penv  - 
ability,  topography,  soil  pore-size  distri  i.u' iv  u.  aiid  evapotriuicpir-itioji. 

The  recession  of  a water  table  is  also  rolat'^al  to  time.  A wa-*:  ;r 
table  recession-time  2-clation  can  be  const jai -ted  from  a record  of  water 
table  depths  for  nonrain  periods  during  a f'.l.cn  s.  ason;  winter  and  spring 
recession-time  relations  for  an  Oregon  site  are  shown  in  fig.  ?.  For  given 
depth  increments,  the  relation  ;an  be  express  d as  a rate,  i.e.  inches 
recossion/day.  '.•.’ithin-site  and  between-site  diftcren  *es  in  recession  rates 
are  affected  by  the  factors  discussed  in  the  paragraplis  ttiat  follow. 

Soil  pei-meability 

90.  Soil  permeability  measurements  were  not  made  in  :uiy  of  the 
studies.  However,  it  is  known  that  the  -lay  pans  .'hi  -h  evicto;!  at  some  of 
the  sites  in'*lu,iod  in  the  Oiegon  study  are  rolativ-.'ly  imp-wmeable.  A -om- 
parison  of  water  table  records  showed  that  re  'ess  ion  rat  -s  were  nuirkedly 
slower  for  clay  pjin  soils  than  for  non ‘lay  pan  soils. 

Topography 

51.  Data  from  the  Arkansas  study  demonstrated  the  effect  of  toj)o- 
graphy  on  recession  rates.  Monthly  average  re ‘ess Ion  rates  'for  different 
topographic  positions  were  as  follows: 


Topogr-aphi ' 

Monthly  Aver-age 

Reccs 

sion  Rates, 

in. 

Position 

Feb 

Mar 

Apr 

May 

Avg 

Upland  I'lat 

I.UO 

1.40 

l.)0 

2.90 

1.90 

Crest  of  slope 

1.6c 

1.75 

2.25 

2. '90 

2.]0 

Upper  slope 

1.15 

I.U5 

2.  30 

3.50 

2.10 

Midslope 

2.  <0 

:'.50 

S.20 

5.00 

3.25 

Bottom  of  slope 

O.BO 

1.10 

1.  -6 

1.80 

1.25 

Minor  bottomland 

0.70 

0.70 

1.00 

2.  -SO 

1.20 

Ha.' or  bottomland 

O.bO 

0.20 

O.'Xd 

l.Bo 

0.80 

Average  1.20 

1.30 

1.85 

2.\)0 

l.-O 

Betwoon-site  differen' 

CE  in  monthly 

av'^'rage  rece: 

3 Sion 

I’ates  -vv-ere 

large 

•within  some  toTX>grap?xi 

'•  positions. 

Tlic  data  do, 

howev 

03',  indi  *atc  that 

recession  !-atcs  are  i-ciated  to  topograpli;)’-. 
Pore-size  distribution 


52.  Goil  moisture  tension  and  wat  r tabic  rc  -ossion  data  wore  ana- 
lyzed for  Oregon  sit('  2k0.  From  the  analysis  it  was  dctvc'mined  that  the 


volvune  loss  rate  of  soil  vrater  through  seepage  decrease^'  with  eui  increase 
in  depth  to  the  water  table.  However,  as  shown  in  fig.  2,  the  recession 
rates  increased  below  a ctepth  of  50  in.  This  was  due  to  a decrease  in  the 
volume  of  large  pores  with  an  increase  in  depth. 

Evapotranspiration 

53.  Evapotranspiration  does  not  affect  water  table  recession  rates 
significantly  during  the  winter  months  because  vegetation  is  dormant  or  dead 
and  the  rate  of  evapotranspiration  is  low.  In  the  spring  and  summer, 
however,  appreciable  amounts  of  water  are  removed  from  the  soil  by  evapo- 

9 

transpiration.  Laliberte  and  Rapp  showed  that  for  a glacial  till  loam 
roil  near  Alberta,  Canada,  evaporation  Influenced  recession  rates  to  a 
water  table  depth  of  approximately  3 ft.  The  depth  to  which  water  table 
recession  rates  are  influenced  by  transpiration  is  dependent  upon  the 
depth  of  rooting  by  vegetation. 

54.  The  monthly  average  recession  rates  for  the  Arkansas  study  sites 
are  shown  in  paragraph  51.  The  average  rate  was  more  than  twice  as  great 
in  late  spring  (May)  as  it  was  in  the  winter  (February).  The  increased 
rate  of  recession  was  due  to  increased  water  losses  through  evapotranspira- 
tion. Similar  increases  in  recession  rates  due  to  evapotranspiration  were 
also  noted  in  data  from  the  Oregon  study.  An  example  is  shown  in  fig.  2. 


PART  IV!  A TENTATIVE  WATER  TABLE  CLASSIFICATION  SCHEME 


55.  A tentative  water  table  classification  scheme  was  developed  from 
data  of  the  Mississippi -Alabama  study.  The  scheme  included  five  classes; 
the  classes  were  differentiated  according  to  the  percentage  of  time  that  a 
water  table  existed  vd.thin  specified  soil  depth  increments  during  the 
winter  and  spring  seasons.  Soil  depth  increments  used  were  0-1  ft,  1-4  ft, 
and  4 ft  plus.  Classes  and  the  criteria  for  separating  classes  are  pre- 
sented graphically  in  fig.  8. 
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Fig.  8.  A tentative,  wet  season  water  table  classification  scheme 
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56.  The  classes  are  numbered  1 through  5;  class  1 sites  are  least 
subject  to  high  water  table  conditions,  and  class  5 sites  are  most  subject 
to  such  conditions.  Since  the  scheme  was  designed  to  separate  sites  on 
the  basis  of  frequency  of  occurrence  of  very  wet  soil  conditions,  it  was 
not  illogical  to  test  the  effectiveness  of  the  scheme  in  separating  sites 
on  the  basis  of  soil  strength.  The  average  rating  cone  index  for  the  wet 
season  was  computed  for  each  of  the  Mississippi-Alabama  study  sites  at 
which  soil  strength  data  were  obtained  and  the  data  were  averaged  by 
classes.  A summary  of  the  results  follows: 

Water  Table  Class 

T"  3 3" 

Number  of  sites  11778 

Average  rating  cone  index  ll8  I65  119  65  47 

Soil  type  differences  were  not  considered,  and  variations  within  classes  3, 
4,  and  5 were  large.  The  values  for  classes  1 and  2 were  each  based  on 
data  for  one  site  and  therefore  should  not  be  considered  reliable  averages. 
Nevertheless,  the  data  do  indicate  a general  trend,  i.e,  RCI  Increases  with 
a decrease  in  class  number. 

57*  Data  from  both  the  Mississippi-Alabama  and  Arksmsas  studies  were 
examined  to  determine  whether  associations  exist  between  class  mmbers  and 
topojgraphy.  To  obtain  good  resolution,  it  was  necessary  to  consider  shal- 
low, relatively  in^jermeable  soil  layers.  Results  are  shown  graphically 
in  fig.  9«  In  essence,  the  data  show  that  wetness  is  closely  related  to 
local  topography,  perched  water  table  conditions,  and  the  level  of  water  in 
local  stream  channels. 
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AIOTDIX  E!  INFLUENCE  OP  SOIL  VARIABILITY  ON  SOIL  MOISTURE 
AND  SOIL  STRENGTH  IREDICTIONS 


Introduction 


1.  A primary  problem  common  to  all  sciences  dealing  vdth  soils  is 
that  of  adequate  measurement  of  a soil's  physical,  ch'»mical,  and  mineral- 
ogical  characteristics.  There  are  two  basic  causes  for  this  problem;  first 
the  inadequacy  of  methods  for  measurement,  and  second,  the  nonhomogeneity  of 
soils.  The  discussion  herein  will  be  limited  to  the  latter  as  the  purpose 
of  this  report  is  to  discuss  the  results  of  four  studies  reporting  soil 
variability,  the  effects  of  this  variability  on  soil  moisture  and  soil 
strength  prediction,  and  the  number  of  samples  necessary  to  obtain  a re- 
liable estimate  of  the  various  static  and  dynamic  soil  properties  that  are 
used  to  predict  soil  trafficability . 

Soil  Variability  Data 

2.  Because  each  of  the  studies  reviewed  herein  is  unique  with  re- 
spect to  objective,  method  of  investigation,  and  presentation  of  data,  the 
pertinent  results  of  each  study  will  be  reviewed  briefly. 

3.  Bassett,  McDaniel,  and  Knight^  reported  the  results  of  sampling 
65  sites,  representing  four  different  soil  series,  all  developed  from  a 
uniform  loess  parent  material  and  possessing  similar  morphological  character 
istics.  A statistical  analysis  of  data  relating  to  physical  characteristics 
of  the  soils,  i.e.  grain-size  distribution,  Atterberg  limits,  dry  density, 
etc.,  revealed  that  none  of  the  sites  was  significantly  different  from  the 
others.  All  sites  were  sampled  once  during  the  wet  season  when  the  soil 
moisture  was  near  field  capacity.  Four  moisture-density  samples,  four  re- 
molding index  measurements,  and  twelve  cone  index  measurements  from  the  6- 
to  12-in.  depth  were  taken  at  each  of  the  65  sites.  Also,  four  bulk  samples 
were  taken  and  composited  for  laboratory  analysis. 

4.  The  mean  standard  deviations  and  mean  coefficients  of  variation 
by  soil  series  and  for  all  sites  grouped  are  as  follows; 
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Soil  Characteristic 

Mean  Standard 
Deviation 

Mean  Coefficient 
of  Variation,  % 

By  Soil 
Series 

All  Sites 
Grouped 

By  Soil 
Series 

All  Sites 
Grouped 

Cone  index 

42 

43 

36 

36 

R'cmolding  index 

0.12 

0.13 

25 

27 

Rating  cone  index 

30 

30 

51 

51 

Moisture  content,  ^ 

3.0 

3.3 

12 

13 

Dry  density,  pef 

4,6 

4.8 

5 

5 

Liquid  limit 

4 

14 

l4 

Plastic  limit 

1 

1 

6 

5 

Plasticity  index 

3 

3 

45 

43 

Grain- size  distribution*  6 

6 

7 

7 

* Unified  Soil  Classification  System  fines. 

A comparison  of  the  data  shows  no  meaningful  differences  in  the  variation 
of  data  whether  the  sites  are  grouped  by  soil  scries  for  analysis  or 
analyzed  as  one  sample  popvilation.  If  the  strength  data  are  grouped  in 
2$  increments  of  moisture  content  (the  moisture  range  is  from  19*5%  to 
3^.1%  with  80^  of  the  sites  between  21^  and  29/0)  the  mean  standard  devia- 
tion of  the  cone  index  is  reduced  to  27  and  the  mean  coefficient  of  varia- 
tion to  23'^. 

2 

5.  Carlson  and  McDaniel  selected  2h  test  sites  specifically  for  the 
purpose  of  testing  soil  variability.  The  soil  at  all  sites  was  developed 
i'rom  a uniform  loess  parent  material.  However,  half  of  the  sites  were 
located  on  upland  soils  that  had  developed  in  place,  and  the  other  half 
were  located  in  alluvial  valleys  where  the  soils  had  developed  in  outwash 
from  the  adjacent  loessial  hills.  Each  site  vra.s  30  ft  wide  and  varied  in 
length  according  to  the  width  of  the  soil  mapping  unit  in  which  it  was 
located  (approximately  3OO  to  500  ft).  Five  equidistant  rows  wore  marked 
at  each  site  and  all  samples  were  taken  along  these  rows.  The  static 
properties  of  the  soil,  i.e.  grain-size  distribution,  Attcrberg  limits, 
specific  gravity,  etc.,  Vv'hero  sampled  only  once  at  each  site.  Cone  index, 
remolding  index  (when  possible  to  tost),  density  (when  possible  to  test), 
and  moistvirc  content  (fo  dry  weight)  were  determined  on  each  of  four  visits 
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to  the  site.  On  each  visit  all  sites  were  sampled  in  one  day  to  ensure 
as  much  climate  uniformity  as  possible.  In  all,  approximately  1000  cone 
index,  200  remolding  index,  and  85O  moisture  measurements  were  made. 

6.  For  statistical  analyses  the  soils  were  grouped  morphologically 
(by  soil  series),  topographically  (upland  or  bottom  land),  and  by  sampling 
row.  The  soils  coiJ.d  not  be  separated  statistically  as  to  morphology  on 
the  basis  of  the  physical  properties  measured  in  this  study  and  the  only 
statistically  significant  differences  topographically  were  the  lower  clay 
content  and  lower  plasticity  of  the  bottom  lands.  The  mean  standard 
deviations  and  mean  coefficients  of  variation  for  both  the  0-  to  6-in. 
and  6-  to  12-in.  depths  are  as  follows: 


Soil  Characteristic 

Depth 

in. 

Mean 
Standard 
Deviations 
By  By 

Site  Row* 

Mean  Coef- 
ficient at 
Variation,  i) 
By  By 

Site  Row* 

Cone  index 

0-6 

60 

32 

35 

18 

6-12 

90 

h6 

34 

18 

Moisture  content,  ^ 

0-6 

2.0 

2.0 

7 

7 

6-12 

3.1 

1.6 

8 

6 

Dry  density,  pcf 

0-6 

2.5 

2.0 

3 

2 

6-12 

1.2 

1.6 

1 

2 

Liquid  limit 

0-6 

3.1 

3.1 

9 

9 

6-12 

3.8 

3.4 

11 

8 

Plastic  limit 

0-6 

1.5 

-- 

6 

— 

6-12 

1.3 

— 

5 

— 

Plasticity  index 

0-6 

2.8 

3.0 

28 

32 

6-12 

3.5 

3.4 

35 

24 

Grain-size 

distribution'*** 

0-6 

1.1 

— 

1 

— 

6-12 

1.5 

-- 

2 

m w 

* All  sampling  rows  containing  an  inclusion  of  a 
different  soil  series  were  omitted  from  analysis. 

These  rows  are  responsible  for  the  larger  standard 
deviations  when  data  were  grouped  by  site.  However, 
it  must  be  remembered  that  small  inclusions  of  a 
different  soil  within  a larger  relatively  uniform  soil 
mass  are  not  uncommon.  Also,  these  areas  are  not 
normally  delineated  on  standard  soil  survey  maps. 

**  Unified  Soil  Classification  System  fines. 


E3 


A comparison  of  the  cone  index  data  for  the  0-  to  6-in.  and  6-  to  12-in. 
depths  shows  similar  coefficients  of  variation,  indicating  that  the  larger 
standard  deviations  for  the  6-  to  12- in.  depth  were  due  to  the  greater  mean 
strength  for  that  depth.  Data  were  insufficient  for  a meaningful  analysis 
of  remolding  index  emd  hence  rating  cone  index.  However,  the  standard 
deviation  and  coefficient  of  variation  for  remolding  index,  based  on  all 

200  sample  points,  were  0,20  and  39^,  respectively. 

2 

7.  Carlson  and  McDaniel  concluded  that  the  large  variation  in  soil 
strength  was  due  primarily  to  differences  in  the  reception  and  retention 
of  water,  and  secondarily  to  differential  erosion  and  deposition  and  the 
associated  differences  in  soil  structure  and  organic  content. 

8.  Lull  and  Reinhart  reported  the  variability  of  soil  moisture  from 
eight  study  sites.  The  sites,  each  200  by  200  ft,  were  located  in  six 
states,  with  two  sites  each  in  Mississippi  and  Colorado,  and  one  site  each 
in  Arkansas,  Louisiana,  New  Mexico,  and  Wisconsin.  Eight  moisture  samples 
from  both  the  0-  to  6-in.  and  6-  to  12-in.  depths  were  taken  at  random 
from  each  site  weekly  during  the  study  period.  The  study  continued  for 

6 months,  3 in  the  wet  season  and  3 in  the  dry  season,  except  for  sites 
in  Colorado  and  Wisconsin  which  were  sampled  for  only  one  3-nionth  period. 
The  standard  deviation  and  coefficient  of  variation  were  determined  for 
each  weekly  sampling  of  each  site.  The  mean  standard  deviations  and  mean 
coefficients  of  variation  for  each  site  by  season  and  for  the  entire  study 
period  are  as  follows; 

Mean  Standard  Mean  Coefficient 

Deviation,  in.  of  Variation,  % 

Depth  Season Season 

Site  in.  Dry  Wet  Both  Dry  Wet  Both 

Louisiana  0-6  1.1  2.5  1.8  6 8 7 

6-12  1.9  2.4  2.2  9 7 8 

Mississippi  1 0-6  4.2  3.1  3.6  23  10  17 

6-12  3.6  1.7  2.6  19  6 12 

Mississippi  2 0-6  1.6  1.9  1.8  l8  7 12 

6-12  2.6  2.9  2.8  20  10  15 

0-6  2.0  2.5  2.2  20  10  15 

6-12  2.0  1.9  2.0  23  7 15 

(Continued) 
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Arkansas 


Depth 

Mean  Standard 
Deviation,  in. 
Season 

Mean  Coefficient 
of  Variation,  ^ 
Season 

Site 

in. 

Dry 

Wet 

Both 

Dry 

Wet 

Both 

New  Mexico 

0-6 

1.7 

2.5 

2.1 

19 

11 

15 

6-12 

1.5 

2.7 

2.1 

13 

14 

14 

Colorado  1 

0-6 

1.6 

mm  «• 

1.6 

15 

-- 

15 

6-12 

1.9 

mm  a* 

1.9 

17 

m ■» 

17 

Colorado  2 

0-6 

• • 

5.7 

5.7 

47 

47 

6-12 

4.1 

4.1 

— 

38 

38 

Wisconsin 

0-6 

3.5 

— 

3.5 

18 

__ 

18 

6-12 

4.1 

-- 

4.1 

22 

— 

22 

All  sites 

0-6 

2.2 

3.0 

2.6 

17 

l6 

l6 

6-12 

2.5 

2.6 

2.6 

18 

14 

16 

9.  It  was  concluded  that  the  variation  in  moisture  measurements 

within  a given  site  was  primarily  caused  by  differences  in  the  type  and 

amount  of  vegetative  cover,  depth  to  water  table  (if  one  was  present),  and 

the  degree  of  moist;ire  saturation,  e.g.  the  higher  the  moisture  content  the 

greater  the  absolute  deviation,  of  the  soil  when  the  measiirements  were 
3 

made.  For  example,  the  site  with  greatest  variation,  Colorado  site  2, 
had  only  a 5^  to  10^  cover  of  short  bunch  grasses  and  the  remainder  of 
the  site  was  bare.  The  Louisiana,  Mississippi,  Arkansas,  and  New  Mexico 
sites  were  well  covered  with  vegetation  and  Colorado  1 site  was  only 
bare.  The  standard  deviations  for  the  wet  season  measurements  were  greater 
than  those  for  the  dry  season  at  four  of  the  five  sites  for  which  these 
data  were  available.  The  one  exception,  Mississippi  site  1,  had  a water 
table  near  the  sxirface  of  the  site  during  the  wet  season  study  period. 

This  probably  accounted  for  a more  uniform  wetting  of  the  soil  at  this 

3 

site.  However,  the  mean  coefficients  of  variation  were  less  for  the  wet 
season  than  for  the  dry  season  for  all  sites  except  the  Louisiana  site 
where  they  were  approximately  equal.  It  appears,  as  will  be  discussed 
later,  that  from  a trafficability  standpoint  the  coefficient  of  variation 
is  probably  more  significant  than  the  standard  deviation  in  measuring  the 

variation  of  soil  strength  and  factors  affecting  it. 

4 

10.  Meyer,  in  his  report  on  engineering  properties  of  tropical  and 
temperate  soils,  reported  the  physical  properties  of  the  «oils  at 


11  temperate  and  17  tropical  study  sites.  The  sites  were  visited  once  and 
20  measurements  of  cone  index,  remolding  index  (when  possible  to  test), 
moisture  content,  and  dry  density  (when  possible  to  test)  were  made.  Also, 
20  bulk  samples  were  taken  from  each  site  for  laboratory  analysis  of 
Atterberg  limits.  The  standard  deviations  and  coefficients  of  variation 
for  each  of  the  measurements  were  computed  for  each  site.  The  mean  values 
for  all  sites  grouped  by  climate  were  as  follows; 


Mean  Steuidard 
Deviation 

Temperate  Tropical 

Soil  Characteristic  Soils  Soils 


Mean  Coefficient 
of  Variation,  jo 
Temperate  Tropical 
Soils  Soils 


Cone  index 


37  ^+8 


18  18 


Remolding  index  0.l4 

Rating  cone  index  48 
Moisture  content,  ^ 3.3 

Dry  density,  pcf  4.2 

Liquid  limit  5 

Plastic  limit  2 


0.14  l6  16 

56  24  25 

2.4  7 6 

4.8  5 6 

5 6 6 

2 6 4 


Plasticity  index  4 


4 


13  11 


11.  A comparison  of  the  data  for  temperate  and  tropical  soils  shows 
no  meaningful  difference  in  variation  for  each  of  the  measured  soil  proper- 
ties. The  standard  deviations  of  cone  index,  ratine  cone  index,  and  dry 
density  are  slightly  higher  and  the  standard  deviation  of  moisture  content 
slightly  lower  for  tropical  soils.  However,  the  coefficients  of  variation 
are  almost  the  same,  indicating  that  the  small  differences  in  standard 
deviation  can  be  attributed  to  differences  in  the  average  means  of  these 
properties.^ 


12.  It  is  difficult  to  compare  results  of  these  different  investiga- 
tions because  different  sized  cites  were  used  and  different  methods  of  data 
grouping  and  analysis  were  employed.  However,  tliree  of  the  studies  did  re- 
port variance  on  the  basis  of  replicate  measurements  taken  at  a given  site 
2 3 U 

at  the  some  time.  ’ ’ Unfortunately,  one  study  used  sites  approximately 

100  cq  ft  in  area  that  were  visited  only  once,  another  used  sites  approxi- 

2 

raately  10,000  to  15,000  si  ft  in  size  each  visited  four  times,  and  the 


third  used  sites  U0,000  sq  ft  in  area  nearly  all  of  which*  were  visited 
28  times.  The  resulting  coefficients  of  variation  in  measurements  of  soil 
strength  and  soil  moisture  increased  as  the  size  of  the  site  and  number  ol' 
visits  increased.  The  remaining  study^  reported  only  site  averages,  and 
data  were  grouped  by  soil  series  with  from  15  to  21  sites  representing  each 
of  four  soil  series . The  only  other  common  factor  in  this  grouping  was 
that  all  sites  were  sampled  during  the  wet  season  when  hig}i  moisture  condi- 
tions prevailed.  Tlierefore,  variation  in  this  instance  was  not  the  varia- 
tion among  replicate  samples,  but  the  variation  among  di  ’ferent  sampling 
areas  of  a recognizable  soil  series  sampled  under  a similar  climatic 
environment.  The  resulting  variations  in  the  dynamic  properties  of  the 
soil,  moisture  and  strength,  were  large  but  variations  cf  the  static 
properties  of  the  soil  were  small. 

Discussion  of  Soil  Variability 

13.  All  soil  moisture  and  soil  strength  prediction  scliemes  currently 
used  at  WES  depend  in  some  way  on  takin^T  soil  measurements  at  time  t^  and 
point  and  using  these  values  to  make  a prediction  or  estimation  oi' 

what  the  soil  moisture  or  soil  strength  will  be  under  the  same  or  a sinilM’ 
set  of  environmental  conditions.  It  is  obvious  that  no  physical  property 
of  the  soil  can  be  predicted  vdth  greater  accm’acy  than  it  can  be  measure ' . 
However,  it  is  recognized  that  if  an  area  has  a very  high  average  soil 
strength  a relatively  large  variation  in  the  measurement  of  that  strength 
will  have  little  effect  on  the  uscltilness  of  traf ficability  predictions 
made  from  those  data.  Therefore,  this  discussion  will  be  limited  to  those 
times  and  places  when  and  where  the  strength  of  the  coil  is  critical  to 
trafficability  and  an  accurate  knowledge  of  strength  is  noccesary.  Under 
these  conditions,  the  source  and  magnitude  of  the  variation  exhibited  in 
measurements  of  various  soil  properties  must  be  understood  before  the 
reliability  and  usefulness  of  any  prediction  scheme  attempting  to  predict 
the  full  range  of  soil  strength  can  be  properly  evaluated. 

l^t.  It  is  conceded  that  errors  in  sampling  and  measurement  as  well 

* Three  sites  visited  only  l4  times. 


E7 


! 


as  natural  variability  of  the  soil  contribute  to  the  variation  in  replicate 
measurements  of  various  soil  properties.  However,  it  is  believed  from 
experience  and  a study  of  the  limited  amount  of  applicable  data  available 
that  the  errors  in  sampling  and  measurement  can  be  kept  small  with  respect 
to  total  variation.  For  this  reason  it  will  be  assumed  that  the  variations 
in  the  soil  measurements  reported  in  these  studies  resulted  primarily  from 
variations  of  the  soil. 

15.  Having  made  the  foregoing  assumption  the  next  logical  step  is 
to  ascertain  the  nature  and  source  of  this  variability  in  soil.  Is  soil 
variability  dur>  to  point  to  point  hoiizontal  variation  within  a large 
relatively  homogeneous  soil  area,  is  it  the  result  of  ari  apparently  homo- 
geneous soil  province  containing  relatively  large  (large  when  compared  to 
a sampling  point)  anomalies,  or  what?  This  point  is  extremely  important 
because  the  problem  of  properly  analyzing  and  characterizing  any  particular 
soil  province  is  dependent  upon  it.  If  soil  variability  is  primarily  the 
resvilt  of  point  to  point  variation,  then  all  that  is  necessary  to  properly 
characterize  a particular  soil  property  is  to  ascertain  the  number  of 
sanqples  necessary  for  a statistically  significant  estimation  of  that 
property.  If  the  source  of  variation  is  fr<^m  anomalous  areas,  additional 
problems  arise.  First  the  extent  and  frequency  of  occurrence  of  the 
anomalous  areas  should  be  established  or  estimated,  then  they  should  be 
characterized  separately  from  the  surrounding  soil.  This  is  especially 
true  if  these  anomalous  areas  are  larger  in  size  than  a vehicle  traffick- 
ing the  area.  Also,  the  usefulness  and  value  of  any  predictions  or  estima- 
tions based  on  data  of  doubtful  reliability  and  containing  unknown  sources 
of  variability  are  greatly  reduced.  It  can  make  considerable  difference 
whether  an  area  is  trafficable  75^  of  the  time  or  75?^  of  the  area  is  traf- 
ficable  any  time . 

■3 

16.  Lull  and  Reinhart  have  possibly  shed  some  light  on  this  subject. 
Their  large  sites  were  equally  divided  into  4 blocks,  each  block  was  divided 
into  4 equal-sized  plots,  and  each  plot  divided  into  25  equal-sized  sam- 
pling squares . In  their  statistical  analysis  of  the  resultant  data  the 
variance  between  replicate  samples  was  partitioned  into  three  components: 
between  squares  within  a plot,  between  plots  within  a block,  and  between 


I 
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blocks.  As  a result,  67^  of  the  variance  was  foxmd  to  be  between  sampling 

squares,  20^  between  plots,  and  13^  between  blocks.  However,  if  the  data 

from  Mississippi  1 site,  where  a large  portion  of  the  variance  is  between 

plots,  are  omitted,  the  resulting  partition  of  variance  becomes: 

between  squares  within  a plot,  13^  between  plots  vdthin  a block,  and 

between  blocks.  Unfortunately,  not  enough  samples  were  taken  within  each 

square  to  determine  the  proportion  of  variance  between  samples  within  a 

square.  If  the  trend  expressed  by  these  data,  that  the  greatest  portion 

of  the  total  variance  is  associated  with  the  smallest  sampling  subdivision, 

can  be  validly  extrapolated  to  sample  points,  it  would  appear  that  most  of 

the  variation  fo\md  in  measuring  the  soil  moisture  of  these  sites  was  point 

to  point  variation,  the  Mississippi  1 site  being  the  exception.  Carlson 
2 

and  McDaniel  by  careful  field  examination  found  definite  anomalous  soil 
inclusions  within  their  study  sites  and  reanalyzed  their  data  after  ex- 
cluding all  data  from  these  areas.  This  reduced  the  resultant  standard 
deviations  and  coefficients  of  variation  for  soil  strength  and  moisture  by 
almost  half.  From  the  data  given  in  these  reports  and  from  a purely  morpho- 
logical standpoint  it  would  appear  that  both  types  of  variation  are  present 
in  many  soil  provinces,  the  point  to  point  variance  being  ubiquitous  and 
the  variability  arising  from  the  inclusion  of  anomalous  areas  in  many  if 
not  moot  soils.  However,  the  proportion  of  variance  due  to  each  probably 
varies  greatly. 


Number  of  Samples  Necessary  for  a Reliable  Estimate 


17.  It  can  be  shown  statistically  that  the  means  of  several 
different  subsamples  taken  from  a sample  population  possessing  a mean  m 

X 

and  a standard  deviation"  , even  if  that  population  is  not  normally 
distributed,  will  be  normally  distributed  with  a mean  4^  and  a standard 
deviation  a_  , where 
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a«. 

X 


(2) 


0 

X 

>nr 

if  n , the  sample  size,  is  sufficiently  large.  The  size  of  n necessary 
for  a reasonable  approximation  to  equations  1 and  2 is  dependent  on  how 
far  the  distribution  of  the  sampled  population  deviates  from  normal.  If 
the  true  value  or  a reasonable  approximation  of  is  known,  an  estimate 

of  , within  predetermined  limits  and  irassessing  a given  probability  of 
success,  can  be  obtained  by  using  as  that  estimate  the  sample  mean  of 

a subsample  of  size  n , where 


with  t being  the  probability  factor  and  L the  allowable  error. 

l8.  In  calculating  the  sample  size  necessary  for  an  accurate  estima- 
tion of  the  true  sample  mean  from  the  variability  data  reported  herein,  the 
allowable  error  was  expressed  as  a percentage  of  the  sample  mean  rather  than 
an  absolute  value.  The  :*eason  for  this  was  that  from  a trafficability 
standpoint  the  lower  the  strength  of  a soil  the  greater  the  accuracy  with 
v/hich  it  must  be  known.  A standard  deviation  of  40  units  would  not  be  of 
great  importance  if  the  mean  cone  index  is  200,  but  would  render  a mean 
cone  index  value  of  60  completely  useless  in  predicting  trafficability. 

Also,  the  relation  between  soil  moisture  and  strength  is  exponential  and 
the  slope  is  much  less  at  the  high  moisture-low  strength  end  of  the  curve. 
Therefore,  the  same  error  in  the  estimate  of  soil  moisture  v/ill  result  in 
a much  smaller  error  in  the  prediction  of  soil  strength  at  the  wet  end  of 
the  moisture-strength  curve  than  at  the  dry  end.  In  general,  as  the 
absolute  value  of  a particular  measurement  increases  tlie  tolerable  amount 
of  variance  increases  also.  For  this  reason  and  for  consistency  all  sample 
sizes  were  calculated  on  the  basis  of  an  allowable  error  expressed  as  a 
percentage  of  the  mean. 

19*  An  allowable  error  of  lOfj  of  the  mean  was  arbitrarily  chosen 
for  the  strength  measurements  and  Atterberg  limits,  and  an  error  of  5^ 
of  the  mean  for  moisture  content,  dry  density,  and  grain-size  distribution. 
This  necessitated  changing  equation  3 to  the  form 


ElO 


p * 

^ _ |~t  (coefficient  of  variation)^* 


(4) 


where  L is  expressed  as  a percentage  of  the  sample  mean. 

20.  Table  El  gives  the  number  of  sarrples  necessary  for  obtaining 
a sample  mean  M-  within  the  expressed  allowable  limits  of  the  true  mean 
at  both  the  80^  and  95^  confidence  levels  for  the  data  reported  in 
each  of  the  studies  reviewed  herein.  It  will  be  noted  that  the  number  of 
samples  calculated  for  determination  of  the  static  soil  properties  does  not 
vary  greatly  with  the  source  cf  data,  but  those  calculated  for  soil  mois- 
ture and  soil  strength  deteminations  do.  It  would  appear  from  these  data 
that  to  effect  a reasonable  approximation  to  the  true  value  of  soil  moisture 
or  strength  one  needs  to  know  the  type  of  variability  expressed  in  the 

measurements.  For  example,  note  the  significant  reduction  in  sample  number 

2 

when  the  data  reported  by  Carlson  and  McDaniel  were  reanalyzed  to  remove 
the  variance  from  detected  anomalous  soil  areas.  Also,  note  the  large 
difference  in  the  results  of  the  data  from  large  sample  areas,  where  in- 
clusions of  anomalous  soil  areas  are  more  likely,  and  the  data  reported 
4 

by  Meyer  from  small-sized  sampling  sites.  Fi-om  these  data  it  would  appear 
that  if  the  variance  is  primarily  due  to  point  to  point  variation  one  would 
need  only  5 to  10  measurements  of  strength  or  moisture  content,  but  if 
anomalous  soil  areas  are  a major  contributor  to  the  soil  variability  then 
at  least  20  measurements  are  necessary  for  soil  strength  and  approximately 
10-15  for  soil  moisture.  However,  estimating  the  number  of  samples  neces- 
sary to  accurately  express  the  numerical  value  of  a particular  soil  property 
appears  premature  at  this  time.  It  must  be  remembered  that  the  validity  of 
all  the  above  calculations,  as  they  are  applicable  to  characterizing  a 
particular  area  for  soil  trafficability,  depends  upon  the  measured  variance 
being  due  to  random  sources.  One  thousand  samples  would  not  give  a useful 
mean  value  of  soil  strength  if  most  of  the  area  had  a cone  index  above  100 
but  the  remainder  of  the  area,  represented  by  relatively  small  anomalous 
areas,  had  a cone  index  of  only  50.  In  utilizing  statistical  methods  of 
analysis  it  is  well  to  remember  the  following  quotation,  "Statisticians 
all  over  the  world  are  drowning  in  streams  with  an  average  depth  of  only 
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L is  the  allowable  error. 

Data  from  those  sampling  rows  containing  anomalous  soil  inclusions  omitted  from  analysis. 


eighteen  inches."*  This  statement  is  particularly  choice  for  paraphrasing 
in  terms  of  soil  trafficability. 

Conclusions  and  Recommendations 


21.  While  the  data  reviewed  in  this  paper  are  of  limited  extent  and 
applicability,  some  trends  do  appear  in  these  data  that  seem  worthy  of 
discussion  and  further  consideration.  It  is  evident  that  there  are  large 
variations  in  the  measurements  of  soil  moisture  and  strength,  especially 
the  latter,  and  the  nature  and  magnitude  of  the  individual  sources  of 
variability  contributing  to  this  large  variance  are  not  well  understood 

at  present.  From  the  limited  data  available,  it  would  appear  that  point 

to  point  soil  variance  and  the  associated  sampling  and  analytical  errors 

in  the  measurements  of  soil  properties  are  not  large  enough  to  cause  great 

concern,  but  the  variation  arising  from  soil  anomalies  is  excessively  large. 

In  one  study,  the  coefficient  of  variation  in  replicate  measurements  of  the 

cone  index  was  reduced  from  3^^  to  l8^  by  excluding  from  analysis  those 

2 

sampling  rows  containing  anomalous  inclusions  of  a different  soil.  An 
adequate  means  of  recognizing,  analyzing,  and  characterizing  these  anomalous 
areas  appears  to  be  necessary  before  the  present  methods  of  predicting  soil 
moisture  and  strength  can  attain  the  accuracy  necessary  for  predicting  soil 
trafff.cability.  Also,  it  appears  that  the  magnitude  of  the  soil  variance 
is  directly  proportional  to  the  size  of  the  sampling  area.  This  would  add 
some  doubt  to  the  validity  of  measuring  the  soil  properties  of  a small  plot 
and  extrapolating  those  values  to  a large  soil  area,  even  if  that  area  is 
relatively  homogeneous. 

22.  If  a soil  area  is  relatively  homogeneous,  containing  no  anomalous 
areas  of  appreciable  size,  a good  estimation  of  the  number  of  samples  neces- 
sary to  accurately  characterize  a particular  property  are  approximately: 

5-10  for  soil  strength,  3-8  for  soil  moisture,  and  2 for  the  static  prop- 
erties of  the  soil.  Unfortunately,  properly  characterizing  the  properties 
of  a soil  area  that  is  not  homogeneous  is  not  so  simple,  and  attempting  to 


* Author  unknown. 
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ignore  this  nonhomogeneity  by  sin^jly  taking  a large  enough  number  of 
measurements  to  satisfy  a statistical  analysis  is  not  the  answer.  Sta- 
tistics, like  tl  3 street  lamp,  should  be  used  for  light,  not,  as  the  dnmk 
\xses  the  lamp  post,  for  support. 

23.  It  appears  that  before  satisfactory  predictions,  and  perhaps 
even  satisfactory  measurements,  of  soil  trafficability  are  possible  a 
greater  knowledge  of  the  various  sources  and  magnitudes  of  variation  both 
within  a given  soil  area  and  between  different  soil  areas  is  necessary. 
Without  this  knowledge,  how  can  the  present  soil  moist;ire  or  soil  strength 
prediction  schemes  be  put  to  practical  use,  e.g.  how  can  results  obtained 
from  a small  site  within  a soil  area  be  extrapolated  to  the  whole  soil  area 
or  be  projected  to  analogous  soil  areas?  To  this  end  it  'is  recommended 
that  additional  variability  studies  be  initiated  as  part  of  the  predic- 
tion program. 
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APPENDIX  F;  COMPARISON  OF  SOIL  MOISTURE  PREDICTION  FACTORS  FOR 
TEMPERATE  AND  TROPICAL  CLIMATES 

Introduction 

Purpose 

1.  The  purpose  of  this  paper  is  to  compare  soil  moisture  prediction 
factors  for  temperate  climates  with  those  for  tropical  climates.  The 
comparisons  will  be  made  against  the  background  of  a general  description 
and  comparison  of  the  climate  in  the  two  climate  zones. 

Prediction  factors 

2,  Since  the  moisture  prediction  method  works  on  the  principle  of 

either  increasing  or  decreasing  the  previous  day's  soil  moisture  content, 
the  two  primary  factors  to  consider  are:  accretion  relations  and  deple- 

tion relations.  The  flow  diagram  in  fig.  FI  shows  how  these  and  other  fac- 
tors in  the  prediction  method  operate  with  respect  to  each  other.  Rainfall 
above  minimum  storm  and  available  storage  (difference  between  moisture  in 
the  soil  and  the  maximum  it  can  hold)  determine  the  accretion.  Depletion 
is  determined  by  the  range  from  maximum  to  minimum  moisture  contents  and  by 
the  time  interval  which  is  required  to  move  from  maximum  to  minimum  during 
a no-rain  period.  Since  this  time  interval  varies  with  the  season,  season 
and  transition  dates  between  seasons  are  factors  of  depletion.  In  the  tem- 
perate climate,  estimates  of  field  maximum  and  field  minimum  moisture  con- 
tents were  made.  These  estimates  were  based  on  soil  texture,  wetness  index 
(an  index  of  soil  wetness),  organic  content,  and  the  soil  moisture  under 
0,06-atm  tension.  The  equations  for  these  estimates  did  not  prove  appli- 
cable to  the  tropical  climate  sites,  so  these  secondary  factors  will  not 

be  considered  here.  The  factors  to  be  compared  are: 

a.  Seasons  with  transition  dates. 

b.  Daily  rainfall. 

£.  Minimum  storm. 

d.  Field  maximum  moisture  content. 

e.  Field  minimum  moisture  content. 

f.  Accretion  relations. 

Depletion  relations. 
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General  Description  and  Comparison  of  Climate  Zones  Studied 


Location  of  studies 

3.  Fig.  F2  delineates  In  a gross  way  the  study  areas  In  the  temper- 
ate and  tropical  climates  and  their  relation  to  the  total  area  of  the 
earth.  Hie  soil  moisture  prediction  studies  for  the  temperate  climate  have 
been  conducted  since  1951  at  approximately  l60  prediction  development  sites 
and  600  survey  sites  located  in  the  United  States  and  Alaska.  Studies  for 
the  tropical  climate  have  been  conducted  at  approximately  80  prediction 
development  sites  and  300  survey  or  auxiliary  sites  located  in  Panama 

(2  studies),  Puerto  Rico  (2  studies),  Costa  Rica  (2  studies),  Colombia, 
Hawaii,  and  Thailand.  The  shaded  areas  in  fig.  F2  indicate  the  approxi- 
mate location  of  the  sites.  The  encircled  shaded  areas  are  tropical  sites. 
All  study  areas  lie  in  the  northern  hemisphere  and  all,  with  the  exception 
of  Tliailand,  are  in  the  western  longitudes. 

Climate 

4.  The  temperate  climate  zones  lie  between  the  23-l/2°N  and  66-l/2°N 
latitudes  in  the  northern  and  southern  hemispheres.  The  climate  of  the 
temperate  zone  varies  greatly.  Average  annual  temperatures  vary  from  70  F 
in  Florida  and  northern  Mexico  to  10  F in  northern  Canada  (see  fig.  F3). 

The  shaded  eureas  of  fig.  F3  have  temperatures  appreciably  different  from 
that  of  the  surrounding  area  and  are  not  included  in  the  averages.  These 
a”oas  are  at  elevations  over  5000  ft  and  are  present  in  both  temperate  and 
tropical  climate  zones. 

5.  The  average  annual  rainfall  in  temperate  climates  is  less  than 
that  of  tropical  climates.  Fig,  f4  shows  large  areas  in  the  tropics  with 
more  than  60  in.  of  annual  rainfall.  In  contrast  the  temperate  climate 
zone  has  few  such  areas. 

6.  The  tropical  climate  zone  has  an  almost  constant  temperature  ex- 
cept for  the  areas  of  high  elevation.  Grenke*  places  tropical  climate 


* W.  C.  Grenke,  Observing,  Analyzing,  and  Forecasting  the  State  of  the 
Ground,  U.  S.  Army  Engineer  Waterways  Experiment  Station  CR  No. 

3-112,  Vicksburg,  Miss.,  May  I965.  Prepared  under  contract  by  Wilson, 
Nuttall,  Raimond  Engineers,  Inc. 
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geographically  between  25°N  and  25°S  latitudes.  In  the  following  excerpt 
he  describes  tropical  climate; 

Climate 

155.  One  of  the  basic  influences  on  the  humid 
tropical  climate  is  the  fact  that  the  sun  is  alvrays 
overhead  somewhere  as  it  migrates  from  Tropic  to 
Tropic.  The  noon  sun  remains  overhead  or  nearly  so 
for  one  relatively  long  period  each  year  near  the 
Tropics,  and  for  two  relatively  short  periods  near 
the  equator.  Th\is,  it  is  not  surprising  to  find 
genereJly  higher  temperature  maxima  near  the  Tropics 
than  nearer  the  equator.  The  mean  monthly  temperat\ires 
are  fairly  constant.  The  mean  annual  range  of  tem- 
perature is  often  less  than  3 C (5.5  F),  yet  the 
diurnal  range  may  be  more  than  10  C (18  f), 

156.  Many  areas  near  the  Tropics  experience  a 
rainy  season  shortly  after  the  period  of  high  sun, 
and  many  near  the  equator  have  two  rainy  seasons. 

However,  this  classical  pattern  is  often  offset  by 
various  regional  and  local  factors.  Humid  tropical 
rainfall  usually  results  from  convectional  or 
orographic  causes  rather  than  from  cyclonic  or 
frontal  activity,  although  the  latter  is  by  no  means 
nonexistent  (hxirricanes,  for  example).  Because  of 
this,  short  but  intense  rainfall  often  occurs  in  the 
afternoon,  especially  on  or  near  mountain  slopes 
where  air  masses  rise  abiuptly. , , , When  the 

winds  are  predominantly  from  one  direction  for  long 
periods  of  time,  the  mountains  may  have  "rain  shadows," 
and  rainfall  differences  of  over  25OO  mm  (lOO  in.) 
per  year  may  be  found  at  relatively  short  horizontal 
distances.  Rainfall  can  also  vary  appreciably  with 
elevation.  Mean  rates  of  annual  increase  may  exceed 
250  mm  per  30  m (10  in.  per  100  ft).  These  variations 
make  it  extremely  difficult  to  extrapolate  rainfall 
data  from  rain  gage  stations,  which  are  notably  scarce 
in  some  humid  tropical  areas, , . , 

157.  Another  interesting  feature  of  humid  tropical 
rainfall  is  that  the  annual  amount  is  usually  greater, 
but  the  annual  number  of  rain-days  is  often  less,  than 
for  temperate  latitudes.  For  example,  contrast  London 
(24  in.,  167  rain-days)  with  Bombay,  India  (7I  in., 

75  rain-days),  which  has  about  three  times  as  much 
rainfall  in  about  half  as  many  days,  and  with  Menado, 

Celebes  (104  in.,  174  rain-days),  which  has  about  four 
times  as  much  rainfall  in  about  the  same  number  of  days. 

158.  This  is  indicative  of  the  intensity  of  tropical 
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rainfall  which  will  often  average  over  l/2  in.  per  rain- 
day,  as  in  the  cases  cited,  emd  in  fact  be  over  l/2  in. 
per  hour  for  reasons  already  mentioned.  Hourly  rates 
of  2 in.  or  more  may  occur,  but  usually  not  more  than 
once  a year. . . . Record  rainfalls  in  the  tropics 
have  exceeded  4 in.  per  hour.  However,  it  is  not  meant 
to  io^ly  that  rainfall  occurs  only  in  short,  intense 
downpours.  In  some  areas,  especially  those  influenced 
by  the  trade  winds,  light  showers  and  drizzles  may  occur 
throvighout  much  of  the  year,  as  in  Oahu,  Hawaii,  and 
parts  of  Malagasy.  In  other  tropical  areas.  Intense 
downpours  may  last  longer  than  for  Just  a few  hours  in 
the  afternoon.  For  longer  periods  of  time,  in  the  East 
Indies  for  exan?)le,  rainfall  may  reach  10  in.  per  day, 
with  records  of  20  in.  A final  classic  exaniple  of 
tropical  downpours  is  noted  in  the  case  of  Cherrapunji, 
India,  which  received  24l  in.  of  rain  in  August  l84l, 
of  which  150  in.  fell  on  five  consecutive  days.* 

159.  The  short,  intense  rains  generally  permit 
more  hours  of  sunshine  per  day.  Compare  London,  which 
has  about  4 hours  of  sunshine  on  the  average  day,  with 
Georgetown,  British  Guiana,  which  has  6.8  hours,  and 
Singapore  which  has  6.1  hours. 

160,  Since  mean  monthly  temperatures  are  relatively 
constant  in  the  humid  tropics,  mean  monthly  potential 
evapotranspiration  is  also  relatively  constant,  while 
rainfall  is  often  seasonal.  In  temperate  regions,  the 
sit\iation  is  often  reversed.  A classic  example  of  this 
is  noted  in  the  case  of  Medellin,  Colombia,  and  Columbus, 
Ohio,  shown  in  figiu-e  I6.  Diurnal  variations  are  often 
greater  than  monthly  variations. 


" Most  of  the  rainfall  data  presented  in  this  section 

have  been  cited  from  Beckinsale,  R.  P.  ' Nature  of  tropical 
rainfall,”  Tropical  Agriculture.  34  (2);  76-98,  Trinidad, 
W.  I.,  Apr.  1957. 
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Soils  Conference),  San  Juan,  Puerto  Rico, 
Apr.  8,  1950  (Mimeo) 


Figure  16.  Mean  monthly  rainfall  and  evapotranspiration 
for  Columbus,  Ohio,  and  Medellin,  Colombia 


Comparison  of  Prediction  Factors 

7,  Other  discussions  point  out  the  success  of  the  prediction  method 
using  specific  measurements  to  predict  moisture  contents  in  temperate  and 
tropical  climates.  The  tentative  average  method  has  been  used  with  limited 
success  in  the  temperate  climates.  However,  when  the  tentative  average 
method  is  applied  to  tropical  climates  predictions  are  very  poor.  Let  us 
now  consider  the  prediction  factors. 

Seasons 

8.  In  the  temperate  climates  there  are  four  seasons;  winter  (wet), 
summer  (dry),  spring  (wet  to  dry),  and  fall  (dry  to  wet).  Because  soil 
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moistvire  depletes  faster  in  the  stimmor  (grov;ing)  season,  the  character  of 
the  depletion  curve  used  in  the  summer  differs  fi-om  that  of  the  other 
seasons.  In  the  spring  and  fall  seasons  the  depletion  rates  are  similar, 
so  the  same  rate  is  used  for  both  seasons, 

9.  In  the  tropical  climate  there  is  no  distinct  change  from  one 
season  to  another.  The  temperatures  are  more  constant  than  in  the  temper- 
ate 2one  and  the  growing  season  is  continuous.  There  aa'e  v;et  seasons  and 
dry  seasons  but  the  factors  influencing  depletion  (temperature,  evapotrans- 
piration,  etc.)  do  not  vary  with  season;  thus,  the  character  of  the  deple- 
tion curve  does  not  change.  The  rate  of  depletion  in  the  tropical  climate 
closely  follows  that  of  the  transition  seasons  in  the  temperate  climate. 
Thcrelbxe,  the  transition  depletion  has  been  used  for  the  entire  year  in 
the  tropics  when  the  tentative  average  method  is  applied.  Thailand  is  an 
exception  in  that  the  v/et  and  dry  season  depletion  rates  are  different,  and 
in  that  there  is  no  transition  rate  between  the  tw'o  seasons. 

Rainfall 

10.  In  studies  conducted  in  temperate  climates,  rainfall  varied  from 
3.7  in.  annual  rainfall  in  New  Mexico,  U.  S,,  to  68.4  in.  in  Pennsylvania, 
with  long-term  annual  averages  of  about  8 in.  to  about  59  in.  These  annual 
averages  are  much  less  than  the  annual  averages  in  the  tropics,  which  in 
Hawaiian  study  sites  vary  from  about  19  to  about  I88  in.  Figs.  F5  through 
F8  show  some  of  the  extremes  in  the  study  areas  in  the  tropics.  It  will  be 
noted  that  the  differences  writhin  each  climate  .cone  are  as  great  or  greater 
than  between  zones.  Thus,  it  appears  that  temperate  and  tropical  climate 
areas  are  not  meaningful  groupings  for  comparing  rainfall  as  a prediction 
factor. 

Minimum  storm 

11.  In  the  temperate  climates,  84  percent  of  IO6  sites  had  a mini- 
mum effective  storm  of  0.10  in.  Of  47  sites  in  the  tropics,  only  47  per- 
cent had  a minimum  effective  storm  of  0.10  in.  while  42  percent  had  greater 
than  0,10-in.  minimum  storm.  Apparently  more  rain  is  needed  to  make  a 
significant  change  in  soil  moistures  of  the  tropical  soils  tested  than  in 
those  of  the  temperate  soils  tested  (table  Fl). 


f6 


Field  maximum  and  field 
minimum  moisture  contents 


12.  Since  field  maximum  and  field  minimum  moisture  contents  are 
limits  of  the  soil  moistixre  depletion  range  it  is  difficult  to  separate 
them  for  discussion.  Table  F2  lists  the  ranges  and  averages  of  the  mea- 
sured field  maximums  and  field  minimums  of  prediction  sites  in  the  tropical 
studies.  Averages  for  each  tropical  study  are  shovm  plus  the  tropical  and 
temperate  averages.  The  data  indicate  that  the  field  maximim  and  field 
minimum  moisture  contents  are  much  higher  in  the  tropical  climate  than  in 
the  temperate  climate.  However,  it  should  be  recognized  that  data  for  the 
tropical  sites  a>’e  biased  in  that  the  sites  vrere  selected  primai'ily  in  wet, 
low-lying  areas  in  accordance  with  suggestions  made  by  the  consultants  at 
the  1958  conference  that  tests  be  conducted  in  areas  that  woiild  provide 
trafficability  problems. 

13.  Fig.  F9  shov/-s,  on  a horizontal  soil  moisture  scale,  the  demarca- 
tion of  the  ranges  of  table  F2,  It  is  interesting  to  note  that  the  average 
field  maximums  and  field  nd.nimums  of  Thailand  (where  probably  a more  repre- 
sentative selection  of  sites  was  made)  more  closely  resemble  the  averages 
of  the  temperate  climates  than  those  of  any  other  tropical  area. 

14.  The  danger  in  the  use  of  averages  without  the  qualifying  inclu- 
sion of  extremes  is  illustrated  by  the  average  maximum  and  minimum  moisture 
contents  for  the  6-  to  12- in.  layer  of  Hawaii  and  Puerto  Rico,  The  average 
field  maximum  and  the  average  field  minimian  for  soils  of  Ha^'ra.ii  are  3 *00 
in.  and  2.32  in.  (0. 68-in.  range).  For  Puerto  Rico  they  arc  2.02  in.  and 
2.12  in.  (0.80-in.  range).  Yet,  the  limits  of  the  extreme  values  are  3*75 
in.  and  I.76  in.  (l. 99-in.  range)  for  Ha’waii  and  3.73  in.  and  0.47  in. 

(3. 26- in.  range)  for  Puerto  Rico. 

15.  Table  F3  shows  the  mean  deviations  of  measured  field  maximum  and 
minimum  moisture  contents  from  those  computed  by  the  tentative  average 
equations  developed  I'or  soils  of  the  temperate  climates.  These  high  devia- 
tions indicate  that  the  equations  are  not  adequate  for  estimating  the  field 
maximum  and  minimum  moisture  contents  for  soils  of  the  tropics. 

Accretion  relations 

16.  Average  accretion  regressions  for  class  I and  class  II 
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accretions  were  developed  from  specific  relations  for  each  of  the  countries 
in  tropical  climates.  These  are  compared  with  the  tentative  average  accre- 
tion regressions  for  the  temperate  climate  in  figs.  FIO  and  Fll  for  class  I 
and  class  II  accretions,  respectively.  The  data  indicate  that  soils  in 
tropical  climates  tend  to  have  slightly  higher  rates  of  accretion  than 
those  in  temperate  climates  for  the  same  amount  of  rainfall  or  available 
storage . 

Depletion  relations 

17.  Specific  depletion  relations  for  the  0-  to  6- in.  and  6-  to  12- 
in.  layers  were  developed  at  each  site  from  a family  of  depletion  curves. 
This  family  of  curves  was  taken  from  the  daily  soil  moisture  record. 

18.  Fig.  F12  shows  the  average  depletion  curves  for  Puerto  Rico 
clay  soils  and  the  transition  season  average  depletion  curves  for  temperate 
clay  soils.  The  Puerto  Rico  curves  are  averages  of  the  specific  depletions 
for  all  the  Puerto  Rico  prediction  development  sites. 

19.  Figs.  FI3  through  FI6  show  specific  depletion  relations  for 
soils  in  other  tropical  countries.  Because  of  the  wide  divergence  in  the 
ciirves,  it  was  decided  not  to  use  an  average  depletion  curve  for  these 
countries , 

20.  In  all  tropical  studies  except  Thailand  there  was  no  change  in 
the  depletion  relations  of  each  soil  layer  per  site  for  the  entire  year; 
one  curve  was  adequate  to  describe  depletion.  In  Thailand  there  were  two 
distinct  depletion  relations  for  each  soil  layer  per  site  as  noted  in 
fig.  F17. 


Moisture  Prediction  in  the  Tropics 

21.  Moisture  predictions  vising  specific  accretion  and  depletion 
relations  and  measured  field  maxlmums  and  mlnimums  can  be  made  in  the 
tropics  with  accuracies  similar  to  those  for  temperate  areas.  Average 
deviations  between  measured  and  predicted  moisture  contents  for  soils  of 
each  tropical  country  are; 
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Average  Absolute 

Deviation 

0-  to  6-in. 
Layer 

to  12- in. 
Layer 

Puerto  Rico  (study  1,  adjusted 
for  water  table  conditions) 

0.09 

0.07 

Puerto  Rico  (study  2,  critical 
water  table  periods  omitted 
from  prediction) 

0.l6 

0.13 

Costa  Rica  (soil  molstiu'e  by 
gravimetric  measurements ) 

0.19 

0.17 

Thailand  (well-drained  sites  only) 

0.l4 

0.10 

Colombia  (soil  moisture  by 
gravimetric  measurements ) 

0.32 

0.27 

Panama  (study  2) 

0.12 

o.o8 

The  average  absolute  deviations  for  soils  in  temperate  climates  are  0.08 
and  0.06  in.  for  0-  to  6-in.  and  6-  to  12-in.  layers,  respectively. 

22,  In  the  second  Puerto  Rico  study,  in  addition  to  specific  predic- 
tions, predictions  were  made  using: 

a.  Average  field  maximum  and  minimum  moisture  contents,  average 
” accretion  relations,  and  average  depletion  relations  for 

Puerto  Rico. 

b.  Specific  field  maximum  and  minimum  moisture  contents,  aver- 
” age  accretion  relations,  and  average  depletion  relations  for 

Puerto  Rico. 

Deviations  between  measured  and  predicted  moisture  contents  derived  from 
methods  a and  b are: 


Puerto  Rican  Average  Method 


Soil 

No.  of 
Sites 

Average  Absolute 

Deviations 

Method  a 

Puerto  Rican  Average 
Field  Maximum  and  Minimum 

Method  b 
Specific  Field 
Maximum  and  Minimum 

Soil 

Layer 

Soil  Layer 

0-  to  6-in. 

6-  to  12-in.  0- 

to  6-ln.  6-  to  12-in, 

Group  I* 

10 

0.35 

0.30 

0.19  0.l6 

Group  II** 

6 

0.60 

0.6l 

0.43  0.30 

Group  III+ 

5 

0.39  0.33 

Average 

21 

0.30  0.24 

* Group  I;  prediction  development  sites  with  specific  factors, 

**  Group  II:  satellite  sites. 

t Group  III:  prediction  development  sites  without  specific  factors 

developed  by  the  usual  procedure. 
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23.  The  second  study  in  Puerto  Rico  was  conducted  by  Mr,  Tom  Hicks, 
He  draws  the  following  conclusion  (in  unpublished  draft  report): 

On  the  whole,  the  average  deviations  obtained 
when  using  average  field-maximum  and  minimum  moisture 
contents  do  not  constitute  a sufficient  degree  of  accuracy. 
However,  the  average  deviations,  0.30  in.  in  the  0-  to  6- in. 
layer  and  0,24  in.  in  the  6-  to  12-in.  layer,  obtained 
when  using  specific  field-maximum  and  minimum  moisture 
contents  for  a given  site,  indicate  that  a reasonable 
degree  of  accuracy  may  be  obtained  when  average  Puerto 
Rico  depletion  curves  and  accretion  regressions  deter- 
mined through  intensive  sampling  at  a few  sites  are 
applied  to  Puerto  Rico  sites  at  which  only  sporadic 
data  have  been  obtained. 


...  it  is  concluded  that  Puerto  Rico  average 
field-maximum  and  minimum  moisture  contents  determined 
from  grouping  sites  on  the  basis  of  soil  texture  (sand, 
silt,  and  clay),  are  inadequate  for  moisture  prediction 
pvirposes  and  that  field-maximum  and  minimum  values  for 
individual  sites,  determined  by  measurement  or  prediction, 
must  be  used  if  moisture  is  to  be  predicted  with  any 
reasonable  degree  of  accuracy.,.. 

24,  The  tentative  average  method  of  the  temperate  climate  was  applied 
to  the  Puerto  Rico  data  with  the  following  results. 


Temperate  Tentative  Average  Method 

Average  Absolute  Deviations 
Estimated  Field  Specific  Field 


Maximum  and  Minimum 


Maximum  and  Minimum 


No.  of  Soil  Layer  Soil  Layer 

. ...  . 


Soil 

Sites 

0-  to  6-in. 

6-  to  12-in. 

0-  to  6-in. 

6-  to  12' 

Group  I 

11 

0.59 

0.56 

0,19 

0.l6 

Group  II 

6 

0.76 

0.79 

0.37 

0.35 

Group  III 

5 

0,40 

0.29 

Average 

22 

0.29 

0.29 

In  his  draft  report,  Mr.  Hicks  concluded  that; 


As  shown  in  table  , the  average  absolute 

deviations  obtained  by  using  approximate  field-maximum 
and  minimum  moisture  contents  are  extremely  high.  The 
algebraic  deviations  for  most  sites  are  negative  and 
unusually  high,  indicating  that  the  predicted  moisture 
contents  generally  run  very  low,  and  for  some  sites, 
never  approach  the  measured  moisture  contents.  Since 

figs.  and show  good  agreement  for  U.  S.  and 

Puerto  Rico  average  accretion  regressions  and  average 
depletion  curves,  respectively,  it  can  reasonably  be 
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assumed  that  the  inaccurate  and  highly  negative 
deviations  occurring  in  this  analysis  are  largely 
attributable  to  the  apparent  difference  in  approximate 
and  specific  field-maximum  and  minimum  moisture  contents, 
especially  the  minimum  values. . . . 

25.  For  subsequent  studies  in  the  tropics,  specific  factors  were 

\ised. 

Conclusions 

26.  The  temperate  and  tropical  climate  areas  of  the  earth,  while 
grossly  distinct  in  character,  have  as  great  or  greater  variation  in  climate 
within  each  zone  as  between  zones. 

27.  Soil  moisture  prediction  factors  in  the  two  climate  zones  differ 

as  follows:  (a)  Generally,  average  euinual  rainfall  is  greater  in  tropical 

climates  them  in  temperate  climates,  (b)  The  tropical  soils  appear  to 
require  more  rainfall  than  temperate  soils  before  effective  wetting  occurs, 
(c)  Tropical  soils  appear  to  be  generally  wetter,  having  higher  minimum 
moisttire  contents,  (d)  The  equations  for  estimating  field  maximum  and 
minimum  moistvure  contents  for  temperate  soils  £u*e  not  adequate  for  soils 

of  the  tropics,  (e)  With  the  exception  of  Thailand,  the  depletion  rate  per 
soil  layer  per  site  does  not  change  with  seasons  as  it  does  in  temperate 
climates . 

28.  Soil  moisture  prediction  with  specific  data  seems  adequate  for 
both  temperate  and  tropical  climates.  The  tentative  average  method  for 
soil  moisture  prediction  is  not  applicable  to  tropical  soils.  The  predic- 
tion system  cannot  provide  true  predictions  until  ways  are  found  to  (a) 
accurately  estimate  field  maximum  and  field  minimum  moisture  contents, 

(b)  establish  accretion  and  depletion  relations  by  some  method  other  than 
taking  dally  records  in  place  at  the  site,  and  (c)  eventually  \ise  weather 
forecasts  rather  than  weather  records. 
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Fig.  FI.  Soil  moisture  prediction  factors 


Fig.  F3.  Average  annual  teng)erature  (from  Encyclopedia  Britannica  Msrld 

Atlas)  (sbeet  1 of  2) 
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Fig.  F^.  Mean  rainfall  in  two  areas  of  Panama  Caxial  Zone  (Study  2) 
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Fig.  f6.  Mean  rainfall  In  Puerto  Rico 
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Fig.  F7.  Rainfall  for  sites  l4  and  6 In 
Hawaii,  year  of  study 
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Fig.  f8.  RalnfcdJ.  In  three  study  areas  of  Thallemdi 
period  of  study 
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Fig.  F12,  Average  moisture  loss  from  field  maximum,  clay  textural  group, 

Puerto  Rico 

FSf 


THNyMITS 


Qii’l.'  CiLf : 


Fig.  F13>  Depletion  curves  for  sites  in  Panama 

r 


O-  to  6-la.  soil  l^f«r  fr-  to  12-ln.  soil  layer 


H 

* <'< 

1 

» 

1 

1 

i 

/ 

/ / 
■ / 

^ / 

! 

! 

H 

•H 

.4 

/ 

y 

7" 

h.  * — 

; < 

/ 

y 

r ?i 


Fig.  F14.  Depletion  curves  for  sites  in  Costa  Rica 
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Fig.  FI5.  Depletion  curves  for  sites  in  Colombia 
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Table  FI 


Minimum  Storms 

Min  Effective 
Storm 

No.  of 
Sites 

io  of  Total 

Tropical  Sites  (4?) 

<0.10 

5 

11 

0.10 

22 

47 

0.15 

17 

36 

0.20 

17 

36 

Temperate  Sites  (l06) 

0.05 

5 

5 

0.10 

89 

84 

0.15 
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Table  F3 

Maximum  and  Minimum  Moisture  Contents,  Mean  Deviations 

Deviations  (measured  from  estimated) 
0-6  in.  6-12  in. 

Layer  Layer 

Puerto  Rico 

Absolute  mean  maximum  0.l8  0.25 

Absolute  mean  minimum  0.90  0.68 

Range,  maximum  to  minimum  O.76  0.4? 

Colombia 

Absolute  mean  maximum  1.77  1.33 

Absolute  mean  minimum  0.86  0.74 

Range,  maximum  to  minimum  0.9I  0.59 

Panama 

Absolute  mean  maximum  0.32  0.31 

Absolute  mean  minimum  0,55  O.67 

Range,  maximum  to  minimum  0.46  0,36 

Costa  Rica 

Absolute  moan  maximum  0,30  0,79 

Absolute  mean  minimum  0,86  1.15 

Range,  maximum  to  minimum  O.65  0,42 

Hav;aii 

Absolute  mean  maximum  0,37  0.4l 

Absolute  mean  minimum  I.03  1.00 

Range,  maximum  to  minimum  0.75  0.62 
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APPENDIX  G:  PREDICTING  AliD  PORTRAYING  SOIL  MOISTURE  ON  AN 

AREAL  BASIN  IN  COS'IA  RICA 


Introduction 


1.  The  amount  of  moisture  in  a soil  is  usually  a very  good  indicator 
of  the  relative  strength  of  that  soil.  Thus,  if  the  moisture  content  in 
the  top  few  feet  of  soil  can  bo  predicted,  then  an  estimate  can  be  made  of 
the  trafficability  of  that  soil,  provided  also  that  the  soil  type  is  known. 
Several  systems  exist  for  predicting  soil  moisture  content  (Thornthwaite, 
Penman,  Blaney  and  Criddle,  and  various  modifications  of  these);  however, 
they  are  for  the  most  part  very  general  in  nature.  For  example,  they 
largely  ignore  differences  in  soil  types  and  differences  in  moisture  con- 
tent values  at  different  depths  in  a soil,  and  consider  soil  moisture  con- 
tent in  a thick  layer  (usiially  the  root  sonc)  as  an  entity,  and  on  monthly 
or  seasonal  bases  only.  Such  systems  may  be  useful  for.  strategic -type 
planning,  but  they  are  not  suitable  for  predicting  changes  for  tactical 
situations.  Only  the  VffiS  system  appears  promising,  because  of  its  detail, 
as  a basis  for  the  prediction  of  moisture  content  changes  on  a day-to-day 
basis  as  required  for  military  purposes.  This  paper  describes  a system 
for  predicting  and  portraying  soil  moisture  content  on  an  areal  basis,  be- 
lieved to  be  potentially  useful  to  the  military.  Data  for  Costa  Rica  were 
used  in  tnc  development  of  the  system  because  these  data  constitute  the 
most  prolific  soui’cc.  They  were  collected  by  indigenous  personnel  under 
contract  to  at  more  than  100  stations  over  a period  of  l8  months.  It 
is  emphasized  that  the  system  to  bo  described  is  preliminary  in  nature.  An 
attempt  is  being  made  to  orpand  the  system  to  include  soil  strength,  but 
this  -work  has  not  progressed  f’ai’  enoxigh  to  justify  presentation  at  this 
time. 


System  for  Prediction  and  Portrayal 
Factors  used  in  prediction 

2.  The  V/aterwuys  Experiment  Station  coil  moisture  predi-’tion  metliod, 
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with  modifications  described  herein,  is  used  to  predict  moistvire  contents 
on  a daily  basis.  All  measurements  and  predictions  of  soil  moisture  con- 
tent in  this  paper  are  in  terms  of  inches  of  water  per  6- in.  soil  layer 
above  field  minimum  moisture  content  for  that  layer.  Two  layers,  the  0-  to 
6-in.  and  the  6-  to  12-in.  soil  layers,  are  considered.  The  predicted 
moisture  contents  are  used  to  prepare  soil  moisture  maps.  A discussion  of 
the  factors  used  to  predict  moisture  contents  follows: 

3.  Initial  moisture  contents.  If  the  rainfaJ.1  during  the  month 
preceding  the  prediction  starting  date  was  considerably  higher  than  normal, 
the  initial  moisture  content  was  assumed  to  be  the  field  maximum  moisture 
content.  If  the  rainfall  during  the  30-day  period  was  considerably  below 
normal,  the  initial  value  was  taken  to  be  the  field  minimum.  A value  of 
moisture  content  halfway  between  field  maximum  and  field  minimum  was  as- 
siuned  following  a 30-day  period  of  normal  rainfall.  (The  effect  on  predic- 
tion accuracy  caused  by  ein  erroneous  assumption  of  initial  moisture  content 
diminishes  with  time  and  ultimately  disappears.  See  Appendix  B.  Effects 
and  Deficiencies  of  Factors  Used  in  WES  Soil  Moisture  Prediction  System, 
for  details.) 

4.  Daily  rainfall.  Daily  amounts  of  rainfall  measured  from  Septem- 
ber 1964  to  October  I965  at  83  rain  stations  (fig.  Gl)  fairly  well  distrib- 
uted throughout  Costa  Rica  were  used.  The  minimum  rainfall  considered  was 
0.10  in. 

5.  Accretion  relation.  An  accretion  relation  derived  from  data 
collected  at  I70  sites  in  Costa  Rica  was  used.  The  equation  for  this  rela- 
tion is: 

Mg  = R - (R  - M^) 

where 

Mg  = final  moisture  content  above  field  minimum 

R = moisture  range  of  soil  layer  (field  maximum  minus  field 
minimum) 

R,  = initial  moisture  content  above  field  minimum 
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where 


e = 2.718 

r = rainfall  factor 


^0  to  6 in. 


rainfall 
^0  to  6 in. 


ralnfaU  - (M^  ■ g 

6 to  12  in.  - «6  to  12  in. 

6.  Depletion  relation.  A depletion  relation  derived  from  data 
collected  at  the  same  sites  as  those  used  in  the  development  of  the  accre- 
tion relation  was  used.  The  equation  for  this  relation  is: 


Mg  = 


-0.04t 

e 


where  Mg  , M^  , and  e are  as  defined  above  and  t is  time  between  rain- 
storms in  days.  For  one  day  of  depletion,  this  equation  simplifies  to: 


7.  Soils.  Predictions  were  made  for  five  soils  with  ranges  of 
moisture  content  between  field  maximum  and  field  minimum  increasing  in 


equal  increments.  All  soils  of  Costa  Rica  fall  within  limits  of  the 


ranges.  The  ranges  of  moisture  content  for  the  five  soils  are  as  follows; 


Relative 

Moisture 

Content 

Soil  Range 


Range  of  Moisture  Content  Between  Field  Maximum  and 
Field  Minimum,  in. 

0-  to  6-in.  Soil  Layer  to  12-in.  Soil  Layer 


1 

Very  high 

3.25 

2 

High 

2.60 

3 

Modixim 

1.95 

4 

Low 

1.30 

5 

Very  low 

0.65 

2.50 

2.00 

1.50 
1.00 
0.50 


8.  Field  maximum  moistiire  content.  Field  maximum  moisture  contents 
of  individual  soils  and  soil  layers  were  measured  or  estimated  from  soil, 
site,  and  climatic  factors. 
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9.  Field  minimum  molstxire  content.  Field  minimum  moistvire  contents 


of  individual  soils  and  soil  layers  were  also  measured  or  estimated  from 
soil,  site,  and  climatic  factors. 

10,  Soil  moisture  range.  The  soil  moisture  range  was  detemined  by 
measuring  the  difference  between  field  maximum  and  minimum  moistxire  con- 
tent or  was  estimated  from  soil,  site,  and  climatic  factors. 

Prediction  data 

11,  To  illustrate  the  system,  daily  predictions  of  moisture  content 
were  made  for  rainfall  at  one  rain  station,  Turrialba.  A computer  print- 
out data  sheet,  shown  as  table  Gl,  lists  the  predicted  moisture  contents 
for  2h  days  of  record  for  the  five  soils  mentioned.  Predictions  for  an 
additional  soil  (x)  are  Included  in  the  table  to  show  the  application  of 
the  system  to  a soil  with  a frequently  occurring  moisture  range  not  in- 
cluded as  one  of  the  other  five  soils.  The  same  predictions  as  shown  in 
the  table  may  be  obtained  by  Inteiqxslating  the  data  between  soils  3 and  4, 
Elements  of  the  computer  print-out  include  the  number,  depth,  and  moisture 
range  of  each  soil,  amount  of  dally  rainfall  in  inches,  and  daily  pre- 
dicted moisture  contents  (above  field  minimum  moistvire  content).  The 
data  for  soils  1-5  are  plotted  in  fig.  C2.  To  show  examples  of  variations 
in  predicted  moisture  content  with  variations  in  rainfall,  data  from 
Liberia,  Cartago,  and  Saraplqui  are  plotted  in  figs.  G3,  g4,  and  G5, 
respectively. 

Map  preparation 

12,  A map  of  each  6-ln.  soil  layer  for  each  of  the  five  soils  was 
prepared  for  a specific  day  or  season.  The  predicted  moistui-e  contents  for 
the  day  or  season  (average  of  daily  values)  were  shovm  on  the  map  adjacent 
to  the  location  of  each  rain  station,  and  areas  of  equal  range  of  moisture 
content  were  delineated.  As  an  example,  consider  the  map  of  Costa  Rica  in 
fig.  g6.  a prediction  of  moisture  content  is  made  for  one  soil  type  (soil 
l),  one  coll  layer  (6  to  12  in.),  and  one  day  (31  January  19^5 ).  Each 
number  on  the  map  represents  a value  of  predicted  coil  moisture  content 
(above  field  minimum)  at  the  weather  station.  This  means  that  antecedent 
moisture  conditions  and  rainfall  amounts  were  considered  at  each  station. 
Only  three  categories  of  moisture  content  arc  shovm.  Obviously,  isopleths 
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of  0.1-ln.  Increments  and  a larger  numiber  of  categories  could  have  been 
delineated,  if  desired. 

13*  In  fig.  G7,  the  portrayal  system  for  one  soil  and  day  illus- 
trated in  fig.  g6,  is  expanded  to  three  soils  (soils  1,  3>  and  and 
five  days  (31  Jan,  30  Apr,  20  May,  31  May,  and  30  Sept  1965).  The  three- 
category  moistvire  level  (high,  medium,  and  low)  and  legend  are  the  same 
as  those  used  in  fig.  g6.  It  should  be  recognized  that  the  maps  do  not 
show  the  areal  distribution  of  the  soils.  The  maps,  however,  do  show  the 
moisture  level  of  a soil  with  a given  range  only  if  that  soil  is  present 
in  the  area  of  concern. 

Determination  of  moisture  content 
for  a given  soil  at  a particular  time 

14.  The  moisture  content  of  a given  soil  and  layer  on  a given  day 
can  be  read  from  the  map  for  the  specific  soil,  layer,  and  day.  The 
moisture  contents  of  soils  with  ranges  other  than  those  mapped  can  be 
interpolated  from  the  maps  for  the  five  basic  soil  ranges.  If  the  absolute 
moisture  content  of  the  soil  is  desired,  it  can  be  obtained  by  adding  the 
field  minimum  moisture  content  to  the  predicted  moisture  content. 

Conclusions 

15.  The  system  presented  herein  for  predicting  and  portraying  soil 
moisture  contents  in  Costa  Rica  is  relatively  simple  and  straightforward. 

It  appears  to  be  applicable,  with  minor  modifications,  to  other  areas  of 
the  world.  However,  a considerable  amovuit  of  basic  data  (i.e,  soil  type, 
accretion  relations,  depletion  relation,  etc.)  would  have  to  be  acquired 
in  a new  area  before  the  system  could  be  applied  to  that  area  with  maximum 
confidence.  Nevertheless,  it  appears,  from  a cursory  study  of  data  col- 
lected in  Thailand,  Puerto  Rico,  Hawaii,  and  Panama,  that  soil  type,  accre- 
tion and  depletion  relations,  etc.,  are  interrelated  in  tropical  regions. 
The  extent  of  this  interrelation  has  not  yet  been  fully  explored.  It  ap- 
pears likely,  however,  that  the  system  described  herein  can  bo  applied, 
with  some  moas\ire  of  success  at  least  for  strategic  planning  purixjses,  to 
other  areas  of  the  world  for  which  only  general  soil  and  climatic  data  are 
available . 
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APPENDIX  H:  SOIL  TRAFFECABIUTY  CLASSIFICATION  SCHEME 


Introduction 


1.  Trafficability,  the  ability  of  a soil  to  permit  the  passage  of  a 
military  vehicle,  varies  principally  with  soil  type  and  moisture  content. 
Moisture  content  is  influenced  by  numerous  environmental  factors,  the  prin- 
cipal factor  being  weather,  the  vagaries  of  which  are  well  known.  Depend- 
ing on  its  moisture  content,  the  trafficability  of  any  one  soil  may  range 
from  absolutely  impassible  to  easily  trafficable.  When  one  considers  this 
and  also  envisages  the  large  number  of  different  soils  to  be  fo\ind,  the 
classification  of  soils  according  to  their  trafficability  appears  to  be  a 
very  difficult  task.  However,  the  task  is  Immediately  halved  if  one  recog- 
nizes that  all  soils  are  equally  trafficable  when  they  are  dry,  and  under 
dry  conditions  there  is  no  real  need  to  differentiate  them  from  each  other. 
Considering  wet  conditions,  the  task  of  classification  would  still  be  dif- 
ficult were  it  not  for  the  fact  that  naturally  occurring  soils  attain  hl^ 
moisture  contents  early  in  the  wet  season  (defined  later  in  this  paper)  and 
maintain  them  with  little  deviation  for  several  months  of  the  year.  Since 
one  soil  type  will  have  distinctly  better  or  poorer  trafficability  than 
another  soil  type  under  wet-season  conditions,  classification  of  soils  from 
a trafficability  steuidpoint  becomes  feasible. 

2,  This  paper  sumnarizes  a study  of  pertinent  trafficability  data 
collected  from  soil  dxiring  the  wet  season  over  a period  of  several  years 
by  personnel  of  the  U.  S.  Army  Engineer  Waterways  E>'perlment  Station  (WES) 
and  their  collaborators.  Sunnary  data  are  presented  as  a scheme  for  the 
classification  of  soils  from  a trafficability  standpoint.  A detailed  re- 
port of  the  data,  including  their  analysis,  the  soil  trafficability  classi- 
fication scheme  derived  therefrom,  and  related  studies  was  published  in 

1961.* 


* U.  S.  Army  Engineer  Waterways  Experiment  Station,  CE,  Trafficability  of 
Soils;  Soil  Classification,  by  M.  P.  Meyer  and  S,  J.  Knight,  Technical 
Memor^dum  No.  3-240,  16th  Supplement  (Vicksburg,  Miss.,  August  I961). 
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3.  Data  were  collected  from  a wide  range  of  soil  typ&i,  at  more  than 
1300  sites  located  princii>ally  in  a hvnnid-temperate  climate  in  the  United 
States.  At  each  site,  moisture  content  and  density  were  determined, 
samples  were  obtained  for  mechanical  analysis  and  determination  of  Atter- 
berg  limits,  soil  strength  was  measured  in  suitable  trafficability  units, 
and  depth  to  water  table,  topographic  position,  and  other  environmental 
features  pertinent  to  soil  trafficability  were  ascertained.  Many  of  the 
sites  were  visited  several  times  during  the  wet  season. 

4.  A preliminary  analysis  of  these  data  considered  the  ef^'ects  on 
trafficability  of  soil  type,  parent  material,  topography,  time  since  last 
rainfall,  water-table  level,  grain-size  distribution,  plasticity,  and  vege- 
tation. The  present  analysis  is  restricted  to  the  most  significant  parame- 
ters, namely,  soil  types,  topography  considerations,  and  general  wetness 
levels  based  on  time  since  last  rainfall  and  the  water-table  level. 

5.  Each  of  the  sites  examined  was  therefore  identified  according  to 
its  soil  type,  topography,  and  general  wetness  level.  Since  many  of  the 
sites  were  visited  several  times  dxiring  the  wet  season,  it  was  feasible  to 
identify  the  same  site  at  the  two  general  wetness  levels  to  be  described. 
Pertinent  trafficability  data  from  all  sites  in  the  same  soil  type- 
topography-general  wetness  level  category  v/ere  then  subjected  to  determina- 
tion of  statistical  means  and  ranges.  A con^rison  of  the  statistical 
means  and  ranges  of  these  data  serves  as  a technique  for  comparing  and 
rating  the  trafficability  of  soils  during  the  wet  season,  l.e.,  a scheme 
for  classifying  soils  from  a trafficability  standpoint. 

Soil  Type 

6.  The  soils  were  classified  according  to  two  well-known  systems, 
the  Unified  Soil  Classification  System  (USCS)  and  the  U.  S.  Department  of 
Agriculture  (USDA)  textural  classification  system.  The  scheme  for  clas- 
sifying the  trafficability  of  soil  is  therefore  available  in  both  USCS  and 
USDA  terms.  In  the  interest  of  brevity,  this  paper  is  restricted  to  USCS 
terms  of  reference. 
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Topography 


7.  A study  of  the  data  revealed  the  feasibility  of  classifying  the 
topography  of  a site  into  one  of  two  classes,  called  simply  "low  topogra- 
phy" and  "high  topography."  Low- topography  sites  were  those  at  comi)ara- 
tively  low  elevation  with  respect  to  surrounding  terrain,  and  high- 
topography  sites  were  those  at  comparatively  high  elevation.  Absolute 
elevations  had  no  significance  in  identifying  the  topography  class.  The 
sites  identified  as  low-topography  sites  were  usually  poorly  drained. 

Sites  known  to  have  water  tables  occurring  within  4 ft  (1.2  m)  of  the  sur- 
face at  some  time  during  the  year  were  automatically  classified  as  low- 
topography  sites;  sites  known  to  be  always  free  of  water  tables  within 
4 ft  of  the  surface  were  automatically  classified  as  high- topography  sites. 
These  sites  were  usually  medium- well  to  well  drained.  Fig.  1 is  a graphic 
representation  of  the  two  topography  classes  considered  in  this  study. 


General  Wetness  Levels 

8.  Two  general  levels  of  wetness,  termed  "wet-season  condition"  and 

I 

"hlgh-molsture  condition,"  were  employed  in  the  aneJysis.  Wet-season 
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condition  is  the  average  of  the  varying  moisture  content  of  the  coil  in  the 
wet  season.  The  wet  season,  defined  as  the  period  of  the  year  of  generally 
high  soil  moisture,  is  one  of  generally  high  precipitation  and  lov/  evapo- 
transpiration,  and  it  occurs  in  the  winter  and  early  spring  months  in 
humid-temperate  regions  of  the  United  States.  The  second  moisture  refer- 
ence, high-moisture  condition,  refers  to  the  highest  moisture  content  that 
may  occur,  i.e.  during  rains  or  inmcdiately  after  rains.  Fig.  2 graphi- 
cally illustrates  the  variation  in  moisture  content  during  the  dry  and  wet 
seasons  for  a low-topography  site.  The  two  general  wetness  levels  employed 
in  this  analysis  are  shown  in  the  wot  season.  A high-moisture  condition 
also  can  occur  during  or  following  heavy  rains  in  the  dry  season,  but  this 
condition  usually  occurs  Infrequently  and  does  not  last  long.  High- 
topography  sites  exposed  to  the  same  weather  conditions  would  reveal  a 
more-or-less  parallel  moistiire  trace,  but  lower  in  values  of  moistiire 
content. 
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Pig,  2.  General  wetness  levels  for  a low-topography  site 


9.  Absolute  moisture  content  values  under  high-moisture  -condition 
for  low-topography  soils  range  up  to  higher  than  values  undr>r  v;et-season 
condition,  depending  on  soil  type.  The  corresponding  difference  in  terras 
of  rating  cone  index,  a measure  of  soil  strength  discussed  later  in  this 
paper,  is  about  60  units. 

Topography-General  Vfetness  Level  Categories 

10.  For  purposes  of  the  classification  scheme,  the  topography  and 
general  wetness  level  references  were  combined  into  four  categories  as 
follows ; 

a.  Low-topography,  high-moisture  condition. 

b.  Low-topography,  wet-season  condition. 

c.  High -topography,  liigh-moisturo  condition. 

d.  High -topography,  wet-season  condition. 

Because  of  the  requirements  for  brevity,  this  paper  discusses  the  classifi- 
cation scheme  for  only  one  category— low-topography,  v.’ot-soason  condition. 

Soil  Strength 

11.  The  classification  scheme  is  essentially  a listing  of  coils  in 
order  of  decreasing  cti'ongth  measured  in  temc  of  rating  cone  index.  Data 
arc  from  the  6-  to  12-in.  (l5.2-  to  30.5-cm)  soil  layer,  which  is  the  crit- 
ical layer  for  most  U.  S.  Array  vehicles. 

Cumulative  Frequency  of  Rating  Cone  Index 

12.  If  all  the  soils  of  a given  soil  type  under  a given  topography- 
general  wetness  level  condition  always  had  the  same  strength,  a simple 
classification  si’hcrae  in  v/hlch  the  rating  cone  index  of  that  soil  type  is 
compared  with  the  vehicle  cone  index  could  be  developed  to  show  whether  a 
vehicle  couli  or  could  not  "go."  However,  the  rating  cone  index  of  a given 
soil  varies  widely  under  a given  set  of  general  topography-moisture  condi- 
tions. Therefore,  the  range  of  rating  cone  indexes  that  can  occur  must  be 
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considered.  This  was  done  by  dravnn^j  a evunulative  rreiucmy  graph  and 
using  it  for  estinating  probabilities  of  occurren-e  of  rating  eon^*  index 
values  greater  than  a given  value  and,  thus,  probabilitit^s  oi‘  "go"  for 
vehicles  v/ith  a IoiOaTI  vehicle  f'onc  index. 

1"^.  F'. g.  3 shows  tlie  -uinulative  frequcn'’y  (in  percent)  of  decreasing 
rating  cone  index  foi-  a USGG  ML  (silt)  soil  type  under  lov;-topogi-aphy,  wet- 
season  condition.  MTj  soils  for  lOh  sites  were  used  in  the  analysis.  Fifty 
percent  of  the  sites  had  rating  'one  indexes  greater  than  77;  this  means 
that  vehicles  with  a vehicle  cone  index  ol'  77  would  have  a 'jO'lo  probability 
of  "go."  Geventy-fivc  percent  of  the  soils  had  rating  cone  indexes  greater 
than  h7;  thus  vehicles  with  indexes  of  k7  'would  luive  a 713/  probability  of 
"go."  Ninety  percent  of  the  soils  liad  rating  cone  indexes  greater  than  32; 
thus  vehicles  with  a vehicle  cone  index  of  32  'would  have  a 90'^  probability 
of  "go."  If  probability  of  "go"  is  substituted  for  cumulative  fi-equency  in 
percent  and  vehicle  ■'one  index  is  substituted  for  rating  'one  index,  a 
probability  of  "go"  can  be  read  from  the  graph  I'or  any  vcliicle  cone  index. 
This  graph,  as  previously  mentioned,  is  for  ML  soils  under  the  low- 
topography,  wet-season  condition.  Similar  graphs  have  been  developed  from 
the  data  for  other  soil  types  and  vdthin  each  type  for  othei-  topograpli^^- 
wotness  level  conditions.  The  graph  I'or  high-topography,  wet-season  condi- 
tion shows  a Ixigher  range  of  strength  and  thus  would  lie  to  the  right  of 
the  graph  in  fig.  3.  The  graph  for  low-topograpliy,  high-moist\a'e  condition 
shows  a lower  range  of  strength  and  thus  would  bo  parallel  and  to  the  loft 
of  the  graph  for  the  low-topography,  wet-season  condition  in  fig.  3. 

Soil  Traffl'ability  Classification  3-'hcmc 

l4.  The  produ't  of  th<'  foregoing  analysis,  the  soil  classification 
scheme  itself,  is  illustrated  in  ''ig.  4.  The  illustration  includes  only 
the  more  important  U3GS  soil  tyi^es  and  applies  only  to  one  of  the  four 
topography-wetness  level  categories,  i.e,  the  low-topography,  wet-season 
condition.  (The  complete  scheme  for  USCS  and  USDA  soil  tyj^es  has  been 
included  in  the  published  report. ) The  predominant  soil  corresponding  to 
the  USCS  soil  type  is  shovm  in  the  second  'olumn  of  fig.  4,  and  the  soils 
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Fig.  3.  Cumulative  frequency  of  i-ating  ^onc  index  for  a USCS  ML  coil  under 

low-topography , wet-season  condition 
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SOIL  VEHICLE  CONE  INDEX 

TYPE  PREDOM.  MEDIAN  0 20  40  00  00  100  120 

SYM  SOIL  RCI 

SP  CLEAN  SAND 
CH  FAT  CLAY  122 

CL  LEAN  CLAY  05 

SM  SILTY  SAND  05 

ML  SILT  77 

OL  ORG.SIL1  54 

PT  PEAT,  MUCK  45 


PROBABILITY  OF  VEHICLE  "GO*  ON  LEVEL  TERRAIN 
I I E XCELLENT-GREATER  THAN  90«fc 
GOOD  - 70  TO  00 
^2  FAIR  - SOTO  75 "y* 

POOR  - LESS  THAN  SO  % 


Fig.  4.  Soil  trafficability  classification  scheme  in  USCS  terms  for  low- 

topography,  wet-season  condition 


are  listed  in  the  order  of  their  decreasing  median  rating  cone  indexes. 

The  median  cone  index  is  the  value  of  the  rating  cone  index  at  50^  cumula- 
tive frequency  and  is  represented  in  fig.  4 by  the  vehicle  cone  index  value 
at  50fa  probability  of  "go."  Studies  have  shown  that  the  SP  soils,  the 
clean  sands,  are  clearly  the  best  soils  from  a trafficability  standpoint. 
Unless  complicated  by  slope  or  unusual  conditions  of  high  moisture,  clean 
sands  are  trafficable  to  all  tracked  vehicles  and  wheeled  vehicles  with 
the  proper  tires  and  inflation  pressures,  regardless  of  the  cone  index  of 
the  sand.  They  therefore  have  been  given  a distinct  place  at  the  top  of 
the  list  and  have  not  been  subjected  to  statistical  analysis. 

Probability  of  "go" 

15.  Probabiity  of  "go"  was  arbitrarily  classified  into  four  ranges, 
and  each  range  was  provided  with  a descriptive  term.  Greater  than  90% 
probability  of  "go"  was  considered  to  be  excellent;  iG  to  90%,  good;  50  to 
75% » fair;  and  less  than  90%,  jxjor.  The  information  is  presented  in  the 
scheme  (fig.  4)  by  a series  of  bar  graphs,  one  graph  for  each  soil  type. 
Data  used  in  determining  the  divisions  for  each  graph,  i.e.,  the  vehicle 
cone  index  corresponding  to  50,  75>  and  90%  probability  of  "go,"  were  read 
from  the  cumulative  frequency  graph  for  the  soil  type.  The  vehicle  cone 
indexes  for  the  ML  soil  at  50,  75>  and  90%  probability  of  "go,"  as 
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previously  mentioned,  were  77,  47,  and  32,  respectively. 

Application 

l6.  The  classification  scheme  may  be  vised  in  several  different  ways. 
As  an  example,  assume  that  three  different  vehicles— A,  B,  JUid  C— are  being 
considered  for  possibl.e  travel  over  a low-lying  ML  soil  area  during  a pe- 
riod several  days  after  a rain  in  the  wet  season,  i.e.  under  low- 
topography,  wet-season  condition.  Referring  to  fig.  4,  vehicle  A with  a 
vehicle  cone  index  of  40  would  have  a good  chance  of  success;  vehicle  B 
with  an  index  of  60  would  have  a fair  chance  of  success;  and  vehicle  C with 
an  index  of  80  would  have  a poor  chance  of  success.  As  another  example, 
assume  two  different  routes  are  being  considered,  one  where  the  soil  is 
ML  and  the  other  where  the  soil  is  CH.  Vehicle  B with  eui  index  of  60  would 
have  an  excellent  chance  of  success  on  the  CH  soil  and  only  a fair  chance 
of  success  on  the  ML  soil. 

Limitations 

17<  The  soil  classification  scheme  hsis  certain  limitations.  It  was 
based  on  information  for  soils  in  a temperate  climate  and  therefore  may  not 
necessarily  apply  to  soils  in  other  climates.  A trafficability  classifica- 
tion scheme  has  recently  been  developed  for  soils  in  Thailand;  the  USCS  and 
USOA  soil  types  exhibit  strength  rcuiges  similar  to  those  for  the  same  types 
in  temperate  climates,  suggesting  that  the  classification  scheme  for  tem- 
perate soils  may  be  utilized  in  tropical  areas.  Limited  information  indi- 
cates that  the  scheme  will  probably  be  adequate  for  subarctic  and  arctic 
soils,  but  this  remains  to  be  verified.  The  scheme  appears  limited  in  that 
it  applies  to  level  terrain,  but  this  limitation  can  be  resolved  easily  by 
incorporating  a slope  index  which  considers  the  detrimental  effects  of  a 
specific  slope  on  the  vehicle  probability  of  ”go."  The  scheme  obviously 
does  not  cover  the  deterring  effect  of  obstacles. 
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